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EDITORIAL NOTE 


To surpass success is difficult, but through teamwork and co-operative effort it can be done, as in the case of the Second Congress 
of the International Federation of Automatic Control. 

The first LF.A.C. Congress was held in Moscow in June-July 1960 and attracted some 1500 participants, and 286 papers which 
were published in four volumes of some 2000 pages only 15 months later; this First Congress set a high standard for subsequent 
ones to match. 

Yet as judged by its participants, the Second LF.A.C. Congress held at Basle in August-September 1963 did indeed match these 
standards. Although the number of papers was only 159, aroxmd 1500 participants accompanied by 200 ladies came from 32 different 
countries to attend these presentations. 

Editing these papers into their present form also presented difficulties if the high standard attained with the Proceedings of the 
First Congress was to be maintained. A lot of these difficulties are, of course, common to all international congresses, but these 
become aggravated when several languages are used for the original manuscripts of the papers. In the Second Congress, 36 papers 
were originally submitted in Russian for publication in English, while nine papers were written and published in French. To make 
the operation truly international, an English Publisher was chosen working in conjuncftion with a German Printer. 

Other difficulties that plague Editors of Congress Proceedings are delays in receiving the manuscripts, rapid translation require¬ 
ments, and the lack of translators sufficiently expert in the intricacies and detailed knowledge of the field involved. All these problems 
were present when preparing the preprints of the papers for the Basle Congress. As a result, translations in the preprints were often 
not of the standard that one would have desired, since the inflexible publication date for the preprints prevented execution of revisions 
and changes that should have been made. 

Even with all the goodwill and co-operation that the Printers and Publishers gave to the project, the 600 mile separation and 
language difference took their toll. Many typographical errors resulted in the preprints as there was no time for authors to receive 
and return proofs before the Congress. In spite of conscientious work by both Publisher and Printer after the Congress to check 
the 1‘5 million words in the Proceedings, to improve the translations and to correct the typographical errors, it could be that some 
traces of these pre-Congress difficulties are still visible. If so, the Editors express their sincerest apologies for any errors that may 
still be found in these volumes. 

Editing of the discussion remarks was greatly eased by the outstanding organization of the Congress by the Swiss Federation of 
Automatic Control, Professor Ed, Gerecke, Third I.F.A.C. President (1961-1963) and by the Congress Secretary Dr. A. von Schult- 
hess and the I.F. A.C. Honorary Secretary Dr, G. Ruppel. The main burd.en in preparing the edited discussion remarks was shoulder¬ 
ed by Dipl.-Ing. E. Ruosch of Zurich. Leading an efficient team of scientific secretaries from the Eidgenossische Technische Hoch- 
schule of Zurich, the Technische Hochschule of Darmstadt and the. University of Cambridge, Dipl,-Ing. Ruosch succeeded in 
supplying, often less than 48 hours after the presentation of each session, typewritten documents in English of all ffie discussion 
remarks on each paper in the session. 

In the tedious and painstaking work of editing these volumes, the work of the Co-editors, Otto Schafer of Aachen and Dbrek 
Barlow of London, has been invaluable, especially that of Mr. Barlow. Located in London and hence closest to the Publisher, 
Mr. Barlow bore the brunt of the detailed editing work, in particular the editing of the discussions on the applications and com¬ 
ponents papers. Editing of the final form of the Theory papers was done through the co-operation of the U.S.S.R. National Com¬ 
mittee on Automatic Control. 

Thanks are due also to the Publisher, particularly for the large amount of detailed sub-editing carried out by his co-operative 
staff, and also the Printer in overcoming the problems of printing scientific works in languages that were not of his own country. 
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EDITORIAL NOTE 


It is hoped that, despite these problems and their effect on the Proceedings, the latter will become a long-living valued contri¬ 
bution in the development of the science of Automatic Control. The excellence of the Congress and the quality of the contributions 
c^tainly deserve this recognition. 

It has been especially gratitying to the Editor and his colleagues to participate in what has been for them, as well as for all who 
the one of the most rewarding of human ejqieriences—a fruitful international co-operative effort. 


Boulogne sur Seine, France 
June 1964 


Victor BroIda 
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The Second International Congress of LF.A.C. 

in Basle 1963 

EDUARD GERECKE, Third President of LF.A.C. 


This, the second I.F.A.C. Congress, is being held in Basle from 
27th August to 4th September. 1476 participants and 200 ladies 
are present from the following countries; Argentine (1), Austria 
(11), Belgium (37), Bulgaria (8), Canada (5), China (lOX Congo 
(3), CzechoslovaWa (11), Denmark (10), Finland (25), France 
(173), Germany (212), Hungary (30), India (1), Israel (4), Italy 
(47), Japan (19), Mexico (1), Netherlands (83), Norway (22), 
Poland (32), Portugal (3), Roumania (10), Spain (6), Sweden (44), 
Switzerland (237), Turkey (7), United Kingdom (160), United 
States of America (154), Union of Socialist Soviet Republics (80), 
Yugoslavia (30). 

As Automatic Control today covers a very large field, the 
Executive Council of I.F.A.C. selected the following limited 
fields for the Congress. 

1. Theory 

2. Applications 

3. Components 

As an innovation, 11 Survey Papers dealing with the actual 
state of automatic control in most fields of theory, applications 
and components will be read. All Congress delegates can attend 
these lectures, and will, I am sure, certainly appreciate the op¬ 
portunity of getting a competent survey from outstanding special¬ 
ists of today’s position and of future developments in the differ¬ 
ent fields of Automatic Control. 

Two hundred and sixty Discussion Papers were submitted to 


LF.A.C. in September 1962, and the I.F.A.C. Selection Com¬ 
mittee accepted 159 of these, namely 82 on Theory, 57 on Ap¬ 
plications, and 20 on Components. Fifty half-day sessions are 
planned for the discussion of these papers, 25 of them on 
Theory, 19 on Applications and 6 on Components. Undoubtedly 
the I.F.A.C. Basle Meeting will contribute to the promulgation 
of the new and more advanced chapters of Automatic Control. 

The organization of such a large meeting requires the co¬ 
operation of a large number of individuals. The I.F.A.C. officials 
and many members of the Technical Committee did a great deal 
of preparatory work, all on a voluntary basis, and their help is 
very much appreciated. Our sincere thanks also go to the Honor¬ 
ary Secretary, Dr. G. Ruppel, Dusseldorf, for his indefatigable 
secretarial work and to the Honorary Editor, Professor V. Broida, 
who prepares the Discussion Papers and the Proceedings with 
the aid of the Co-editors, D. H. Barlow, London, and Professor 
O. Schafer, Aachen. I should like also to thank the Scientific 
Secretary, E. Ruosch, Zurich, for his most valuable assistance. 

The expenses of the Congress, including the Preprints and the 
Survey Papers, amount to U.S. 55 97,000 for which the Council 
members of the Swiss Society of Automatic Control are personal¬ 
ly, responsible. As third President of I.F.A.C. I should like to 
thank most heartily the Swiss Federation of Automatic Control 
and all those who contribute financially, especially the Authori¬ 
ties of the Canton of Basle Town, the Swiss Industries Fair and 
the Swiss Industry. 
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How LF.A.C. was Founded 

H. CHESTNUT, First President of I.F.A.C. 


It is appropriate as we start this Second Congress of I.F.A.C. on 
Automatic Control that we look back at some earlier inter¬ 
national meetings on automatic control and see what we may 
learn from the past that will give us some ideas that will be use¬ 
ful for the future. Within the past twenty-five years the science 
and art of automatic control has grown rapidly and interest has 
developed in such subjects as regulation, automation, and auto¬ 
matic control on the part of engineers, politicians, and laymen. 
We who are developing and using the techniques of automatic 
control are, in a way, charged with the responsibility of making 
automatic control most effective. It is important that the place 
of international activities, including meetings and congresses, be 
considered as a part of the process of helping us to accomplish 
our job of making automatic control better. 

^though the first General Assembly of LF.A.C. was held in 
Paris in September 1957, a number of meetings that were inter¬ 
national in character if not in name had been held prior to that 
time. In 1951 at Cranfield, England, was held an outstanding 
meeting on ‘Automatic and Manual Control* sponsored by the 
Department of Scientific and Industrial Research, the Proceed¬ 
ings of which were edited by Professor Arnold Tustin. In 1953 
in New York under A.S.M.E. sponsorship was held a ‘Frequency 
Response Symposium’ that was international in its list of authors; 
its Proceedings were edited by Dr. Rufus Oldenburger. 

By 1956 the heightened interest in automatic control caused 
a mmber of meetings to be held in Europe on or related to this 
subject. Outstanding among these was ‘Regelungstechnik’ in 
Heidelberg, Germany, in September 1956. 

An earnest effort was made to obtain broad international 
participation on the part of authors from many countries serv¬ 
ing to bring together many leading men in automatic control. 
This had the effect of increasing their interests in the possibilities 
of more regular and more internationally organized meetings on 
automatic control theory and practice that would be more broad¬ 
ly publicized and attended. 

It was appreciated that similar progress in automatic control 
was being made in many parts of the world, in many cases with 
each group of people largely oblivious of the works of the others 
or without even knowing who these other people were. Further¬ 
more, it was apparent that a great amount of time and effort 
would be required to push forward our understanding of auto¬ 
matic control and our ability to use it. Hence the help and benefit 
to be obtained by the sharing of ideas and inforination on an 
international basis would be valuable in making for more rapid 
progress. 

Fortunately, a group of dedicated men, including Dr. Victor 
Broida, Chairman; Dr. qtto Grebe, Professor A. M. Letov, 


Professor P. J. Nowacki, Dr. Rufus Oldenburger, Dr. G. Ruppel, 
and Mr. D. B. Welbourn, were willing to devote their energies 
during the period September 1956 to August 1957 to helping in 
bringing about the formation of the International Federation of 
Automatic Control at the first General Assembly of I.F.A.C. in 
Paris, September 1957. 

At this initial meeting a Constitution was adopted built 
around the principle of national rather than personal represen¬ 
tation, and particular emphasis was placed on the holding of 
periodic international congresses. Another important objective 
was ‘to promote the science of automatic control by the inter- 
chanp and circulation of information on automatic control 
activities in co-operation with national and other international 
organizations’. Plans were laid for the first I.F.A.C. Congress 
to be held in Moscow, U.S.S.R., in 1960 about which you will 
hear shortly from Professor A. M. Letov who was President of 
I.F.A.C. at that time. The first I.F.A.C. Congress was a very 
successful one from which was obtained a fine, four volume set 
of Proceedings edited by John F. Coales. 

The International Federation of Automatic Control is indeed 
fortunate that the Swiss Federation of Automatic Control was 
willing to serve as host for this second LF.A.C. Congress here 
at Basle. The preparation and labour involved by members of 
the Swiss Federation of Automatic Control for tliis Congress 
are outstanding. On behalf of all those present here, I want to 
thank Professor Gerecke in his dual role as President of I.F. A.C. 
and 3s President of thie Swiss Federation of Automatic Control 
for his help and for the efforts and skill of the members of the 
two groups which he represents and directs. 

As first President of I.F.A.C., I am very pleased with the way 
that I.F.A.C. has developed and with the interest which its 
Congresses have stimulated. The growth of I.F.A.C. symposia 
on special subjects has been of particular interest to me. I look 
forward with hope for additional symposia on suitable topics of 
concern to experts in the field of automatic control. 

We all have reason to be pleased with the fine progress that 
has been made in our automatic control accomplishments to 
date. Lest we become complacent, however, I should like to point 
out two other fields for serious attention by control people. 
These are: 

(1) The need for ‘optimizing the process of making auto¬ 
matic control’, i.e. bridging the gap between theory and practice. 

(2) The need for working with qualified people in the social, 
economic, and political fields to help make the net effect of 
automatic control and automation a cause for hope rather than 
a reason for fear. 
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For the past 5 years and more, one of the most popular topics 
of automatic control investigation has been the subject of opti¬ 
mum control. With all this emphasis on optimum control, it 
would appear possible to apply some of these general principles 
to permit us to perform the process of designing and building 
automatic controls more quickly, more cheaply, more reliably, 
or more favourably in some other sense which allows the desired 
balance of a number of these objectives. Not only should concern 
be given to determining how to make a system which will be 
optimum, but also the process of design itself should be one 
which can be readily applied by the large number of designers 
who will be applying these ideas to the making of better controls. 
Attention must be given from the theory point of view to includ¬ 
ing the practical application of these new control concepts. 
Efforts must be made from both sides to bridge the gap between 
theory and application. 

The second problem which deserves more of our attention 
is that of automation, the popular term by which much of 
automatic control is known. Throughout the centuries, Man has 
hoped to find a way of obtaining goods and services with a 
minimimi of effort to himself. With the advent of more and more 
automation, we are approaching the condition where a signifi¬ 


cant proportion of the necessary production and services can be 
achieved with a minimum amount of direct human effort. 

To realize the opportunity that automation can afford will 
require more than just the technical attention that we, working 
in automatic control, can apply. The changes in production and 
services brought about by automation will also involve changes 
in the way people live and earn their livelihood. I believe it will 
be more effective if engineers and scientists skilled in automatic 
control systems work with people skilled in dealing with social, 
economic and political problems to help bring about the needed 
changes in a smooth and socially acceptable fashion. 

Unfortunately, the human time constant is one of the longest 
we have to deal with. Although the problems associated with the 
introduction of more widespread automation are great. The op¬ 
portunities for a better world at peace make the challenge of 
using automation for the betterment of man one that is certainly 
worth working for. 

From what I have seen of the preprints of the papers for this 
Congress, I am looking forward to an interesting week of dis¬ 
cussions here. I am hopeful that the creativity and vision that 
have characterized I.F.A.C. from its beginning will continue to 
grow and flourish as we move ahead with this second I.F.A.C. 
Congress and on to the future, • 


The First LFA.C. Congress 

A. M. LETOV, Second President of I.F.A.C. 


Three years have passed since the Moscow Congress—the first 
I.F. A.C. Congress, which brought together 2,000 specialists from 
28 countries; and at which some 300 papers dealing with the 
solution of major scientific and engineering problems of autom¬ 
ation, were read and discussed. 

Although reports of the Congress were published in news¬ 
papers and magazines in many countries, and the Congress 
Proceedings were published in Russian and English, I now re¬ 
member the Congress not merely because it brought great satis¬ 
faction to those who took part, or because the aims of I.F.A.C.— 
so well expressed in the speech of our President, Professor 
Gerecke—were realized so widely for the first time in Moscow. 

I recall the Congress for another reason; because, as the poet 
said, ‘pleasant recollections are the fount of good inspiration’, 
from which we draw new strength to develop the future activity 
of our Federation. The conditions for developing this activity 
are becoming more and more favourable. 

We have now assembled at our second Congress. It has been 
organized by the Swiss National Federation, headed by our 
respected President Professor Gerecke. But the activity of the 
Federation is not characterized by this alone. The activity of 
I.F.A.C, is characterized, in particular, by the willingness of 
many other countries to organize subsequent I.F.A.C. Con¬ 
gresses. Such Congresses will undoubtedly be held. 

Although it may be in 90 years time, I still hope fervently 


that I can live to the noteworthy day when the I.F.A.C. Congress 
will have gone round all the countries in our Federation and 
returned once again to Russia—perhaps to Moscow—involv¬ 
ing not 2,000 but 20,000 participants. I also look forward to the 
day when the linguistic difficulties of communication will have 
been overcome by the creation of miniature ‘radio-computers’ 
which will translate into one’s own language the speeches of 
representatives of all countries on the globe; and to the day when 
science and technology will make it both pleasant and inspiring 
to look forward to what is to come a century ahead. 

You will say that it is a very remote dream. As yet it is a 
dream, I grant you. Let me just say this. First, you are all people 
who do creative work—dreamers—and all the plans you imple¬ 
ment so wonderfully begun with a dream. 


Secondly, let me, by speaking of my dreams, give those with 
a sense of humour a chance to say, what else can a man do who, 
after 6 years of helping to run the Federation, and for the mo¬ 
ment still its Past President, but relinquish the authority in three 
days when he retires. .jnqrni 

Thank you, Mr. President, for the opportunity 
to dream aloud; to my audience I say thank*5!^fcftf?^3Qi^li^ 
tion. ^ ^dl 82 L 02 ib bnn (SFII) gni 


With all my heart I say, ‘f 

a new Moscow Congress, dear colleague’., .PA'il) 

.0 siwiomla oiand orlJ av/orlz V 

. Inoia^riq b lo aulnta edJ it nl .qool 
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The Information Revolution and Its Impact on Automatic Control 

L L. AUERBACH, President of the IFIP 


The invention of the electronic digital computer in 1946 marked 
the beginning of the information revolution. The ensuing seven¬ 
teen years have seen a development very much like the industrial 
revolution that followed the advent of the steam engine in 1765. 
In both instances, the advancement of civilization had created a 
growing need for new ways of accomplishing vital tasks. The 
major technological breakthrough not only filled the need, and 
opened new avenues in many fields, but led to the discovery of 
new fields, where development would have been out of the 
question without the new tool. Thus it was that the electronic 
computer brought about a revolution in information processing, 
rather than just advanced normal development in the field. 

The essential feature of the industrial revolution was man’s 
amplification of his brawn by the use of engines. In the infor¬ 
mation revolution the emphasis has shifted to the amplification 
of brain through computers and information processing systems. 
Already there are as many different kinds of computers as there 
are kinds of engines. The applications of digital data processing 
are limited only by the ingenuity of scientists and technologists 
in their respective technical fields. 

There is a basic and fundamental difference between brawn 
and brain—a difference that is exaggerated when these faculties 
are extended and amplified by mechanical engines or electronic 
processors. A muscle or an engine consumes energy to accom¬ 
plish work. The fuel can never be recovered or re-used. In 
contrast, information handling is non-destructive. Information is 
used and applied without being consumed. It can be used over 
and over again, and many of the applications augment the 
original supply, but none can diminish it. 

The words in a book, for example, remain intact, and can 
be read by any number of people without loss of information 
content. The responses the words elicit in different minds may 
even go beyond the original content. Each new edition of a great 
book may have more footnotes than the one before it—words 
growing on words as they strive to capture ideas. Similarly, a 
computer manipulates information in a scientific computation, 
and generates new information from it. The information is never 
consumed by being processed; it can be retrieved and used 
repeatedly in many different ways. 

This difference perhaps explains why the information re¬ 
volution has been faster and more widespread in its implications 
than the industrial revolution. Electronic data processing is so 
broad a subject that only an infinitesimal fraction of it can be 
explored in a short time. I would like to take a brief look at the 
field where the engine and the computer work together; the 
impact of the information revolution on automatic control. In 
addition, at the request of your President, I will review the back¬ 
ground of the International Federation for Information Process¬ 
ing (IFIP) and discuss the areas of cooperation between that 
body and the International Federation for Automatic Control 
(IFAC). 

Figure 1 shows the basic structure of an autonaatic control 
loop. In it the status Of a physical system is detected through 


sensors or transducers and transmitted to a device labeled ‘Com¬ 
puter’. This device identifies any differences between the indicated 
status of the system and its desired status, and activates controls 
to modify the physical system. The changes in status resulting 
from this modification are in turn sensed and transmitted to the 
computer, and so the operation of the loop goes on. The com¬ 
puter not only can guide the system through a series of steps, 
but can modify any future step on the basis of the results of 


previous steps. 


COMPUTER 




Communica¬ 
tion links 


PHYSICAL 

SYSTEM 


Figure L The automatic control loop 

This simplified diagram illustrates how the computer per¬ 
forms the functions of a human operator. With its fantastic speed 
of reaction and calculation, its resistance to fatigue or distraction, 
and the great variety of inputs and outputs it can utilize, the 
computer can replace a human operator in many physical 
systems. More important, it can assume new tasks too taxing for 
human beings and thus make new physical systems feasible. The 
launching of a satellite, for example, simply could not be handled 
by anything short of an automatic computer system. 

Still man’s place in automatic control is a vital one. The loop 
shown in Figure 1 is usually part of a more complex loop as 
shown in Figure 2, The ‘desired status’ mentioned in the discus¬ 
sion of Figure 1 is determined by man. He observes the physical 
system, and applies his intelligence, his ability to judge situations 
rather than respond to them deterministically, and his set of 
values. He establishes the criteria and the end goals to be achiev¬ 
ed by the system, and communicates his conclusions to the 
computer via programming. This is a critical input to the com¬ 
puter. It cannot be absent, as might be inferred from Figure i, 
although it may precede in time the actual operation of the 
system. 

This powerful combination of man, computer, and physical 
system multiplies the resources of all three. Automatic control 
combines the benefits of the industrial revolution and the in¬ 
formation revolution, giving man an extension of his brain and 
his brawn, both applied to the same task. The digital com¬ 
puter makes this system quite distinct from the man-engine 
combination alone. It han^es great quantities of data at tre¬ 
mendous speeds, extending the realm of operations that can 
be performed. Programming techniques also combine decision 
making with mathematical calculations, and this permits dis- 
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Figure 2. The man loop 


continuous or discrete control to be intermixed with the various 
kinds of continuous or smooth control that are afforded by 
analogue devices. 

It can be seen in Figure 2 that man’s portion of the loop, 
proceeding from the physical system to the computer, parallels 
the direct sensing of system status by the computer. Both con¬ 
nections are necessary, as each exploits the individual character¬ 
istics of its medium: man or machine. Some of the outstanding 
developments in recent computer history are directed toward 
man’s turning over as many as possible of his own functions 
to the computer. Much of the programming process is being 
made automatic, and can be classified as computer reaction to 
a system status. 

The computer may be multi-programmed, that is, may time- 
share or interleave a number of independent or interrelated 
programmes run at the same time. It is now feasible to have one 
computer run a programme that controls the physical system 
based on the results of an independent programme being run 
at the same time that derives economic and business criteria. 
For example, if the inventory and order control for a business 
were maintained by the same computer, then the output of the 
physical system would be based on the current requirements and 
permit very rapid response times. In addition, multi-computer 
systems are becoming more commonplace, and with appropriate 
communication links further broaden the variety of tasks that 
can be handled by computers in the automatic control loop. 

The programming of the computer in the automatic control 
loop is far more complex than most people anticipated. The 
programme is actually interposed between the computer and the 
process or physical system it is to control. It is a necessary link 
in the computer controlled system. In this area, there is need for 
more work in automatic programming techniques and compilers 
specifically oriented toward process control. Multi-programme 
and multi-computer systems will add to the complexity and impose 
the need for far more sophisticated interrupt features and the 
techniques for their application. The skill required to formulate 
the computer programme is major and is far more difficult in 
complex interconnected computer systems. It should be clear that 
greater training for people capable of doing this work is essential. 

It must be recognized that more and more is being done by 
computers that it was thought only human beings could do. 
Pattern recognition is one such extension of computer capabili¬ 
ties. There exist today devices for recognizing printed symbols in 
a number of different type founts without human assistance. 
This enables the introduction of text from a printed page into 
a computer, where formerly translation into a digital form such 
as holes in paper was necessary. Similarly, it is possible for 


computers to read maps and match them with the areas they 
represent. 

Rather than belittle the activities of man’s brain, these imita¬ 
tions of thought by computers show man’s superior intelligence 
more clearly. The programming of artificial perception calls for 
not only the same perception on man’s part, but a transcendent 
awareness of how that perception works. By reflecting on the 
way his own mind operates, man has been able to reduce many 
of its functions to the sort of simple instructions a computer 
can follow. 

This has not been an easy process. In language translation, 
for example, great difficulties were encountered. Linguists were 
not immediately aware of how they translate. But linguists and 
computer engineers are consulting and coming to grips with the 
problem, and teaching both participants more about language 
than was ever known before. Completely new methods of lin¬ 
guistic analysis are opening up, which will be as useful to future 
language study itself as they are to computer applications. ' 

Artificial learning is another field that has come into being 
as a result of mechanizing thought processes. The computer in 
the three-way loop can modify its own programme according to 
occurrences in the physical system. A man can programme a 
computer to play a game and then be beaten by the computer. 
Investigations in this area are shedding new light on the problems 
of educational psychology. 

The area in which computer technology can be expected to 
make the most significant contribution to automatic control is 
in the optimization of continuous processes. This optimization 
will be achieved in two ways. The computer’s computational 
capabilities will be utilized to make more effective use of data 
on the internal variables of the process. The computer also has 
the completely unique ability to help man to optimize a process 
on the basis of variables external, but related, to tlie process. 

Process optimization on the basis of internal variables is 
coming about through the development of computer program¬ 
mes that continually modify process parameters in the light of 
empirical experience. These are really automatic learning pro¬ 
grammes in which the computer uses a model of the process to 
predict the response of a change in an operating variable. The 
computer thpn makes the change in the variable, observes the 
response (through sensory instrumentation), and modifies pre¬ 
dictive methodology in the light of its empirical experience. 

Process optimization on the basis of external variables is a 
concept that depends entirely upon the computer’s unique 
capabilities. Going well beyond the concept of integrating the 
various loops in an individual process, work in this area is 
directed at integrating several individual but related processes, 
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plus such business variables as product orders, delivery, and 
inventory. 

The benefits that can result from these two approaches to 
process optimization are obvious. However, the problenM of 
realizing these benefits are extremely formidable. Success hinges 
upon how well we can integrate man, machine and the process 
into an effective closed loop. To do this requires an. inter¬ 
disciplinary effort on the part of the control, operating, and 
computer engineers. 

Much work must be done on control theory and on formaliz¬ 
ing the operating methods that are still largely intuitive. Before 
we can programme computers to effectively perform the process- 
control functions, we must deepen our understanding of the 
basics of continuous processes, and we must be able to establish 
explicit criteria for defining an ‘optimum’ condition. We must 
also learn how to translate the ‘feel’ human operators have for 
the process into computer programmes. 

The effective application of the digital computer to process 
control is not only an analytical problem; it is also a software 
problem of major proportions. After the analyses, it is the 
computer systems engineers who must accept the final responsi¬ 
bility for developing and applying the proper software and pro¬ 
gramming skills, such as multi-programming and multi-computer 
programming, that will effectively relate the computer, the 
processes and the man to each other. 

In a limited way, computers are reciprocating the effort to 
make them behave like men. They seem to be showing men how 
to behave like computers. The quantities of information handled 
in modem data processing systems have necessitated new ap¬ 
proaches to the problems of indexing, storing, and retrieving 
information. The newly developed methods can be applied to 
situations not involving electronic computation at all. Even if 
all the electronic computers in the world ceased to exist, the 
effects of the information revolution would still be felt, and 
would exercise their influence on the future of civilization. 

Hie potentialities of this revolution can best be realized with 
maximum communication within the field. This interchange of 
ideas should not be inhibited by national boundaries. It calls for 
international cooperation and international organizations such 
as IFIP and IFAC. How I will turn to a discussion of the inter¬ 
national Federation for Information Processing, the first inter¬ 
national organization dedicated to all facets of the information 
processing sciences. As defined by IFIP, these information pro¬ 
cessing sciences include theory, mathematics, equipment, and 
application—aU applied to the collection, transmission, com¬ 
putation, translation, storage, retrieval, reduction, and display 
of information. 

As stated in its statutes, the aims of IFIP are threefold: 

(a) Sponsor international conferences and symposia on in¬ 
formation processing, including mathematical and engineering 
aspects. 

(b) Establish international committees to undertake special 
tasks falling witWn the spheres of action of the member societies. 

(c) Advance the interests of member societies in international 
cooperation in the field of information processing. 

One of the goals of IFIP is to expose the people of the world 
(those who will be affected by information technology as well as 
those directly associated with it) to some idea of the progress 
that can be made through the intelligent use of the electronic 
digital computer. We hope to make an increasingly greater 


number of people aware of the information processing sciences 
and the benefits that can be derived from them. 

In achieving the above aims, IFIP fulfills the need for better 
worldwide communication and increased understanding among 
scientists of all nations of the role information processing can 
play in accelerating technical and scientific progress. It is hoped 
that better dissemination and centralized control of information 
about computer technology and application techniques will 
result in greater scientific advances, which will achieve the two 
purposes of benefiting mankind and advancing the state of the 
art. 

The first International Conference on Information Process¬ 
ing, sponsored by UNESCO, in June, 1959, provided a forum 
for the meeting of 1800 delegates from 37 countries. During the 
planning for this conference, it became apparent that future 
international meetings and other activities were essential to the 
development of the information sciences in many countries of 
the world. 

On June 18, 1959, recognizing the importance and success of 
the UNESCO conference, representatives of the computer socie¬ 
ties of 18 countries met in Paris to formulate the preliminary 
structure of IFIP. Statutes for the federation were drafted, and 
upon the agreement of 13 national technical societies (six more 
than the minimum required), IFIP came into official existence 
in January^ 1960. 

IFIP Congress 62 

The IFIP Congress 62 was attended by more than 2800 
scientists from 41 nations, who were exposed to a comprehensive 
survey of the technical achievements and goals that have been 
made possible and practical by the digital computer. This ex¬ 
perience demonstrated to them the profound effect that the 
information revolution is having upon mankind. 

In addition to the technical sessions at the Congress, the 
computer scientists and users attending had an opportunity to 
view an exhibition of the progress being made in hardware 
development. The INTERDATA exhibition included exhibits 
of 48 companies from eight nations. This exhibition, with its 
emphasis upon hardware, complemented the material presented 
in the technical sessions on the software and application aspects 
of information processing. 

For the practical realization of its goals, IFIP has established 
three technical committees and one working group. The scope 
and accomplishments of these technical committees are sum¬ 
marized below. 

IFIP TC-1 Terminology 

The scope of this committee is the establishment of termi¬ 
nology of digital computers and data processing devices, equip¬ 
ments, media and systems. The objective is to promote the ex¬ 
change of information, leading to the compilation of a multi¬ 
lingual glossary for information processing systems and related 
subjects. 

The specific programme of work of this comnuttee includes: 
select natural languages for which the terms shall be defined; 
collect documentation of pertinent glossaries; systematize a 
master list of terms and concepts requiring definition; crieate or 
adapt terms for missing concepts and assign these terms to one 
or more specific fields; choose, modify or originate accepted 
definitions. 
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To avoid duplication of effort, the IFIP Committee on 
Terminology was affiliated with a similar committee within the 
International Computation Centre of Rome to form TFIP/ICC 
TC-1 Terminology’. 

This committee has met seven times to date, and by the end 
of 1963 will have defined and assigned words in the English 
language to approximately 1000 concepts. Then specific language 
area groups will translate these concepts into the major national 
languages so that the particular words may be chosen in what¬ 
ever language describes each of the concepts most accurately. 
It is expected that a vocabulary of 1000 concepts will be published 
during 1964. 

It is significant that the multilingual glossary being developed 
by IFIP/ICC TC-1 Terminology has been officially requested by 
the International Standards Organization through subcommittee 
1 of its technical committee 97. ISO will use this glossary as the 
basic input in their effort to establish an international standard. 

IFIP TC-2 Programming Languages . 

The scope of this committee is to promote the development, 
specification, and refinement of common programming languages 
with provisions for future revision, expansion and improvement. 
This specific programme of work includes: general questions on 
formal languages such as concepts, descriptions and classifica¬ 
tions; the study of specific programming languages; and the 
study and, where appropriate, coordination of the task of de¬ 
veloping new programming languages for which there apeears 
to be a need. 

Working Group 2J ALGOL, 

During the past year, a series of meetings was held between 
the original ALGOL authors and other experts who clarified 
and amplified certain a'spects of ALGOL '60 language, removing 
ambiguities that existed. Through IFIP TC-2 the working group 
submitted the ALGOL '60 document to the council of IFIP 
which approved the document and made ALGOL '60 official 
IFIP language. Once again the International Standards Organi¬ 
zation, through Subcommittee 5 of Technical Committee 97, 
has requested that certain specific additions to the ALGOL 


language be considered and then submitted to ISO for considera¬ 
tion as an international standard. 

IFIP TC-S Education 

At the August 1962 meeting of the Council of IFIP it was 
decided to form a new committee on education. The objective 
of this committee is to establish comprehensive training pro¬ 
grammes and suggested curricula for the education of technical 
people from all over the world who are in fields in which the 
computer can make a significant contribution. Another function 
of the committee will be to generate material to acquaint the lay 
public with the computer and its impact on the various aspects 
of society. This committee will, in fact, serve as a central clearing 
house on all educational material pertaining to the information 
processing sciences. In this capacity, it will assist in preparing 
or providing translations, lists of available material, and other 
necessary information services. 

The membership of each of the above IFIP committees is 
international, assuring each national group the opportunity to 
review and comment on all committee work before it reaches 
final, rigid form. This policy provides the committees with the 
additional advantage of having a consensus that includes the 
viewpoints of many diverse backgrounds. 

The activities of IFIP require the time, effort and interest of 
many people from many parts of the world, all of whom are 
devoting their services willingly and without material reward. 
They are to be commended on their accomplishments, for through 
their endeavours they are demonstrating that people from diverse 
national backgrounds can work together and communicate 
effectively to achieve a worthwhile international goal. 

There are many areas in which the work of IFIP and that of 
IFAC impinge upon each other. Cooperation can take place 
through the common membership of the same scientists in the 
national technical societies who are members of both our re¬ 
spective federations and by more direct cooperation of our 
technical committees. It is hoped that ways will be found in the 
coming years to increase the cooperation and coordination of 
the activities of these two international federations, and so to 
provide means for each of the federations to achieve its own 
goals more effectively and more quickly. 
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IN THE ELECTRICAL UTILITY FIELD 


Applications of Automatic Techniques in the Control 
and Operation of Electric Utility Systems 

A Survey by B. FAVEZ 


Introduction 

Power transmission and production installations have always 
been open to the application of automatic techniques. Whilst 
turbine speed regulators may rightly be considered as the first 
large industrial regulators, automatic economic dispatching sets, 
which have been in service on certain networks for several years 
now, were the first large-scale realization of automatic optimi¬ 
zation techniques. Furthermore, with regard to networks, auto¬ 
mation, after having helped to overcome most of the technical 
difficulties, is being used more and more for reducing the cost 
of operation, which shows an advanced degree of technical de¬ 
velopment. Thus electric utility systems are considered by some 
to be the most automated groups in industry. 

The very large variety of problems which face electrical utili¬ 
ties and the solutions developed by the latter are serious obsta¬ 
cles to the drawing-up of a clear and concise paper on the appli¬ 
cations of automatic techniques in this field. The main object of 
automation development is, and always will be, the improvement 
of the quality of electrical supply, and, as this paper is mainly 
intend^ for consumers, these questions will be dealt with from 
the point of view of the different factors nepessary to the quality 
of service, i.e. by successively examining the significance of 
utilities of improvements in the following basic characteristics; 
service continuity, minimization of voltage variations, minimi¬ 
zation of frequency variations, and reduction of the cost of 
power supply. 

Thus, after briefly stating the problems connected with each 
of the points, it will be shown how they have been satisfactorily 
solved by use of automatic techniques and the developments 
which can be exp^ted in the more or less near future will be 
stated. 

Use^f Automatic Techniques for Improving Service Continuity 

The permanence of supply can be affected by the appearance 
of a fault on one of the various elements of the network, i.e. 
transformation and production equipment, distribution and 
transmission lines. 

Mechanical incidents, which may bring part of the produc¬ 
tion equipment to a halt, have no immediate electrical conse¬ 
quences, and, in order to prevent them having serious repercus¬ 


sions, it is necessary, when the means of supply is cut oif, to have 
sufficient generators on the network to supply the amount of 
power demanded by the customers. Though utilities take a cer¬ 
tain safety margin in view of this kind of incident, its conse¬ 
quences cannot be directly avoided by use of special automatic 
techniques. 

Therefore in this paper we shall examine only the automatic 
methods used for limiting the consequences of electric faults on 
transmission lines. The majority of such faults originate in the 
atmosphere (lightning) and there is no economic means of avoid¬ 
ing them. They can affect the permanence of supply either direct¬ 
ly by reducing or even cancelling the voltage at the point of 
supply, or indirectly by provoking a loss of synchronism between 
network generators. We shall examine these points in turn. 

Rapid and Selective Elimination of Faulty Lines 

Electricity consumers are familiar with the use of protective 
relays which are safety automatic devices and we shall not dwell 
upon this point. 

However, in the case of electrical networks, protection prob¬ 
lems are rather different, due to the fact that generally the dif¬ 
ferent transmission lines are meshed. Therefore a fault on one 
of these lines results in an over-intensity on all the lines terminat¬ 
ing at the same sub-stations. The finding of the affected line by 
opening the circuit-breakers cannot be done by means of the 
classical maximum intensity relays frequently used in industry. 
Consequently more complicated protective techniques have been 
developed. 

Some of these techniques are based on the comparison of the 
currents at the two terminals of a line. If the currents are the 
same, the fine is intact; if they differ, the fault is detected and 
the circuit-breakers are brought into action. These methods meet 
with practical difficulties arising from the necessity of very rapid¬ 
ly transmitting signals from one end of the line to another. This 
is a cominon problem in the operation of networks which are 
industrial installations extending over very great distances and 
in which signal transmission is often a very important factor. 
This question will be returned to later. 
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Other protective devices, assuring good selectivity, have been 
perfected to the point of not needing telecommunication betw^ 
the line terminals. These are ‘distance protection devices’ which, 
with only the local voltage and current values, measure the ap¬ 
parent impedance of the line. If this impedance becomes lower 
than the impedance which the line would have if it was short- 
circuited at the other end, it can be assumed that a fault Im 
occurred on this line. Furthermore, measurement of the imped¬ 
ance enables the location of the fault to be evaluated, hence 
the nfltriR given to these automatic devices which in most cases 
provide excellent selectivity. 

The development of such automatic protective devices over 
the last 40 years and of which we have obviously only given a 
superhcial description, has enabled considerable reduction in the 
clearance time of faults; at present, a damaged line is detected 
in several hundredths of a second at the most, and in norma 
operation it is cleared in under 200 msec, sometimes even in 

100 msec. . ^ , 

In addition to the expected technological changes which con¬ 
sist in replacing the electromechanical devices generally used at 
present by electronic equipment using semi-inductors, a marked 
evolution in the basic principles of protective equipment can be 
expected in the more or less near future. 

At present, protective devices are directly associated with an 
element of the network (line or transform^), wdthout any at¬ 
tempt at coordination between the information given by each of 
the different devices. , * *• 

Such coordination, which would make network protiuye 
equipment more lo&cal, could help to improve the situation in 
certain networks with very complex structures, and even with 
simple structures when an anomaly occurs in the workmg ot 
one of the devices normally used for diminating the defective 

®l®itient. , ^ 

With present equipment, in very rare but not unpredictable 

cases, cCTtain incidents can affect the permanence of supply 
Such incidents call for action on the part of the operator, with 
aU the inconvenience of slowness and risk of false moves that 
go with this ^satisfactory element of looped systems. 

The development of ‘logical’ protective equipment, ading 
rapidly and surely according to strict instructions, should reduce 
even ftarther the risk of inte^pted supply. 


portional to the time of application of the fault, hence the extra 
advantage of very rapid operating protective devices. 

Having thus outlined the basic elements of network transient 
stability problems, we next consider the automatic devices which 
help to improve the situation. 

If all the other factors are equal, the maximum angle be¬ 
tween the rotors, in other words the separation between the 
masses which can cause the connecting spring to break, is di^- 
ly dependent on the gaierator magnetic flux, i.e. on the alter¬ 
nator field current. This is why special systems of automatic 
control of alternator excitation have been developed. Th^ im¬ 
prove the transient stability and are characterized by their very 
rapid and powerful action which takes into account various data 
on the voltage, its derivatives with respect to time, and even the 
an^es between the rotors and their derivatives. These devi<^ 
have in recent years been developed on an industrial scale, inain- 
ly in the U.S.S.R. where long-distance transmissions give rise to 
real tr ansient Stability problems, and are rnentioned in the paper 
by Venikov and Tsukemik. Certain practical details on excita¬ 
tion automatic control equipment are given in the following 

paragraph. . 

Transient stability problems are very important on certain 
networks and it is necessary that such problems be taken into 
account in studies on network developments. Glavitsch’s paper 
describes a method of studying the transient stability of multi- 
genektor networks by means of digital computers. These ve^ 
rapid automatic voltage control devices definitely improve the 
transient performances of networks, but are not the solution to 
all problems. In addition, the increase of generator power units, 
which is of undeniable economic interest, renders tr^ient sta¬ 
bility problems even more dfficult and new automatic solutions 

are being considered. . a * 

Thus, generator set speed governors could be improvea to 
prevent loss of synchronism by limiting their acceleration during 
the time the fault lasts. In the case of loss of synchronism, 
devices are being studied which would enable spontaneous re¬ 
synchronization without having to separate the alternator from 
the network and to recommence the normal coupling pri^dur^ 
At present, sudi procedures require human intervention and 
are very diffic ult when the network is perturbed after the 
inddent. 


Network Transient Stability and Automation 

We cannot go into the details of the problem of netirork 
transient stability. We shall only maxtion the fact that synchro¬ 
nous generators, which form the major part of electncal supply, 
are, in normal operation, linked together by dectromagnetoc 
rewtions. If we take a mechanical analogy, the rotors of tte 
different alternators can be imagined as masses linked togethar 
by springs. As long as the springs resist the relative mov^ents, 
the machines remain attached to one another and are m syn¬ 
chronism. If the masses separate too much, the springs are cx.- 
tehded to breaking point and synchronous loss occurs, caiumg 
considerable fluctuation of the voltage and intaise current circu¬ 
lations between the generators which may necessitate a service cut. 

When a fault occurs on the network, the electromagnetic 
iinVs between generators disappear and the rotors are ftw to 
separate from one another. If, when the fault is deare^ thw 
position is sudi that it exceeds the separation correspondmg to 
the breaking point of the springs in the mechanical analogy, then 
loss of syndironism occurs. The extent of the separation is pro- 


Use of Automatic Techniques for Ad^ting Supply to Demand 

Generalities 

Apart from the always short-lived accidental and serious dis¬ 
turbances just mentioned, electrical networks are constantty 
heing solicited by the variations in the power consumed at dff- 
ferent points of the network. These power variations can be 
divided into two categories, according to whether they are ap- 
proximatdy predictable, depending on variations in the weather, 
on human activities in the area supplied, or whether they are 
purely random, being caused by the overall load of a netwrk 
resulting from the superimposing of a large number of single 
loads of relatively low unit power, of which the respective toes 
of conneoHon and disconnection are governed by random kws. 

To give an idea of the possible extent Of these load variations, 
the ratio of the maximum active pow« (generally late mo^g 
or late afternoon) and the minimum active power (generafly in 
the of the ni^t) demanded on the same day on one 

network can be over 2. 
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The random variations are much smaller. Their relative 
values depend on the size of the network and their absolute 
values are generally considered to vary approximately with the 
square root of the power of the network. For example, in a 
10,000 MW network, these random load fluctuations remain for 
95 per cent of the time under about 36 MW, i.e. 0-35 per cent 
of the total load. 

At a given moment, the active power supplied by a generator 
set (the network frequency being equal to its reference value) is 
fixed by the position of the turbine admission valve. If a dif¬ 
ference appears between the active power supplied and the 
active power demanded, then the generator rotation speed will 
tend to vary. Similarly, the reactive power supplied by a gener¬ 
ator (the network voltage being equal to its reference value) is 
fixed by the alternator field voltage. If a difference appears be¬ 
tween this reactive power and the reactive power demanded, the 
voltage of the network will tend to vary. 

Thus, if there were no automatic control devices, the varia¬ 
tions in demand would cause voltage and frequency variations. 
We would add that a difference between supply and demand, 
with voltage and frequency equal to their reference values, 
would not generally cause the total breakdown of a network, 
but that a new state would be established for different voltage 
and frequency values. In other words, network self-regulation, 
both of voltage and of frequency, is of some significance. However, 
if the demand-supply differences are of a certain magnitude, the 
resulting voltage and frequency differences could cause incon¬ 
venience to the customers, hence the need for devices adapting 
the reactive and active power supply to the respective demands. 
The control values of the voltage and frequency automatic con¬ 
trol loops thus obtained are respectively the field voltages of 
generators and the positions of the turbine admission valves. 
The perturbating factors are respectively the active power 
variations and the reactive power variations. 

Having thus outlined the problem, we have no intention of 
discussing questions of revolving electric set voltage and speed 
control, which are well known in the majority of industrial ap¬ 
plications, and we merely give a few figures on the power levels 
of control devices used on power production equipment. On 
the contrary, we would draw attention to the special aspects of 
these questions on network speed and automatic voltage control. 
These special aspects are due either to the nature of certain 
equipment (for example steam and water turbines) or to the fact 
that, as a large number of generators operate in parallel onto 
one network, it is necessary for good technical and economical 
operation of the latter to maintain satisfactory distribution 
between these various sources of supply. 

Minimizing Voltage Variations 

The respective voltages at the different points of a network 
(voltage map) depend mainly on the transfers of reactive power 
between the generators. We must not forget that the reactive 
power at generator terminals can change its sign. In other words, 
contrary to what occurs in the case of active power, an alter¬ 
nator can either supply or absorb reactive power. Thus on net¬ 
works, it is generally advisable to reduce reactive power trans¬ 
fers as much as possible in order to avoid the active losses 
caused by these reactive powers on transmission lines. Further¬ 
more, these lines can eiAer absorb for heavy loads or supply 
for low loads considerable quantities of reactive power, which 


results in a marked variation of reactive power to be supplied 
or absorbed by the generators. 

In the present state of network automation, generator sets 
are provided with voltage control equipment which has to main¬ 
tain at a set value the voltage at the generator terminals, and if 
these reference values are well chosen, the flow of power be¬ 
tween generators always remains low, whatever the load of the 
network. Thus the voltage map maintains a satisfactory ap¬ 
pearance. The use of such local automatic control equipment 



Figure L Example of a typical diagram used in studies on voltage auto^ 
matic control of alternators on powerful networks 
Ua Voltage at the alternator terminals; E Alternator field voltage; 
R Voltage regulator; D Alternator excitation system; F Alternator 
field winding; L HV-connecting line; N Very powerful network 

does not generally present any difficulty with stabilization prob¬ 
lems, except when it is used for increasing the flexibility of alter¬ 
nator operation from the point of view of reactive power 
absorption. 

In order to outline the nature of this problem, of which the 
solution has been made easier by the use of classical methods of 
studying regulated systems, we shall take the general diagram in 
Figure i, of an alternator connected by an HV line to a very 
powerful network. In this case, the transfer function relating the 
voltage variation at the alternator terminals to the variation of 



Figure 2, Block diagram corresponding to the typical diagram of Figure 1 
AE Relative variation of the alternator field voltage; AUa Relative 
variation of the alternator output voltage; AR Relative variation of 
the control quantity of excitation system ‘i)’ 

its excitation voltage (which characterizes the controlled instal¬ 
lation and is obtained by linearizing the performance of this 
installation around a balanced state) is given by the block 
diagram of Figure 2. The numerical values of the various coef¬ 
ficients depend on the balanced state under consideration, and 
calculation shows that from one of these states corresponding 
to absorption of a large amount of reactive power, the controlled 
installation becomes naturally unstable. In other words, this 
state corresponds to a relative position of the masses at which 
the springs are stretched to breaking point. Any disturbance, 
however small, in the wrong direction, will then cause alternator 
synchronous loss. Therefore such a state of operation cannot 
normally be accepted. 
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The use of an elaborate automatic system of voltage control 
enables the alternator to be stabilized again; a typical transfer 
function of one of the possible solutions is given in Figure 2. 
Under these conditions, it is possible for the alternator to 
operate in a previously prohibited zone and for it to absorb a 
far greater amount of reactive power than formerly possible. 

As in the off-peak hours of large networks, HV transmission 
linfts act as, reactive power generators (main capacitive effect). 
This possibili^ is economically very advantageous, as it makes 
the installation of special equipment for absorbing this power 
(reactances) unnecessary. 

To give an idea of the importance of this point, the use of a 
well adapted voltage regulator increases the reactive power that 
may be absorbed by a 125 MW alternator from 55 MVar to 
110 MVar, these figures are obviously only approximations. 

We now come to the characteristics of voltage automatic 
control equipment. Control devices have to supply the excitation 
windings of alternator rotors with electrical power of up to 
400 kW for 125 MW machines, and 750 kW for 250 MW ma¬ 
chines. Until recently these control devices were composed ex¬ 
clusively of d.c. revolving machines driven either directly by the 
main set or indirectly by an auxiliary motor. The time constants 
of such machines vary according to their design between 0*15 
and 0’3 sec, and they can deliver for short periods voltages above 
the normal operation voltages in a ratio which, according to the 
case, varies between 1-4 and 4*. The recent development of the 
semi-conductor technique has enabled these factors to be con¬ 
sidered for large synchronous generator excitation and, at pres¬ 
ent, various applications are already in use. 

With regard to the actual voltage regulators, these have con¬ 
siderably progressed since they first appeared over 30 years &go. 
Figure 3 gives the block diagrams of the different types on which 

♦ Figures to be taken into consideration in studies on the influence 
of automatic voltage control in transient stability. 



this progress can be observed. The first regulators were dis¬ 
continuous acting instruments. Tirrill regulators are the most 
well known. Voltametrical scales used as vibratore regulate the 
average values of resistances placed in the excitation circuits of 
alternator excitors. We then got rheostatic regulators with driv¬ 
ing motors commanded by voltametrical scales. The action of 
these regulators, by nature of the deviation detectors, is always 
discontinuous. Torque motor rheostatic regulators marked an 
important step in continuous acting regulators. The only (fis- 
continuity in this type of equipment comes from the definition 
of the excitation rheostat, which, on account of the powers 
• involved, is a step rheostat. 

However, this last solution does not easily carry out the 
more and more complicated transfer functions required by the 
increase in the transient steady-state stability limits and this last 
decade has seen the development of regulators of which the 
detection elements as well as the amplification elements are of 
the continuous acting electrical kind. Such regulators are now 
almost perfected and in general network utilities are satisfied 
with them. 

Thus, at present, reactive power supplies are automatica,lly 
adapted to the demands by the voltage regulators with which 
generator sets are equipped. The distribution of reactive power 
between generators and the reduction, to what is estimated as 
its optimum value, of the reactive power flowing betwren the 
generators is carried out by hand on the command points of 
these regulators. However, if no such action is taken, the net¬ 
work load variations do not provoke technically troublesome 
variations of these currents. Unlike developments in the field of 
supply and demand, automatic adaptation of active power, there 
are as yet no networks equipped with devices which auto¬ 
matically control the distribution of reactive power between the 
various machines according to a technical or economical 
criterion. 



(b) 


Pilot 




Figures. Basic dU^ams of the various types of regulators used successively since 1930 

ia) Tirrill vibrator' (1) voltametric scale; (b) Rheostatic system with voltametric scale (2) and wittout pilot eroiter; (c) M^static sy^em with 
"St pilot ;xc4 (4); (4) Continuously acting system'. (5) detector (6) staUc amplifier (7) rotatmg amplifier 
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AIM»LlCATIONS OF AUTOMA'IU* rFfllNIQUFS IN TlfF i'ONIUOl AND OIM KAIION OI F.I.I CTRK' UIIUTV SYSTFMS 


IhuloLibtciily a niarked development in methods of net- 
work operaiitm can be expected in this held. Admittedly such 
cctitrali/ed control would imply the existence of very developed 
sysietns of telecommunication, l-or this the substructure which 
ollcn exists for active power control could he considered. If 
this has not already been done, it is mainly because the problem 
is in general not acute and because economical repercussions of 
approximative distribution are, apfiori, not very important. The 
regulators used at present on generator sets could be used for 
possible extra control and u marked development cannot be 
expected in this iicid, except, obviously, in teclinological details, 
f'hus voltage control automation is not, at present, essential to 
network utilities. 1’his is confirmed by the Fact that not one td’ 
the reports presented at this Congress deals directly with this 
question. 

rhis is certainly not the ca.se with regard to adaptation of 
supply to demand of active power, as it is this question which 
seems to have developed the most during the lust few years us 
we shall now try to show. 

Minimization of Frvtjiwmy Vanations 

Spved Control of llydro-eicctriv Sets - f requency control has 
always been an important subject to network utititics, as is 
shown by the fact that 6 of the 14 reports on network automation 
presented at this Congress deal with this subject. Stahiii/ation 
of speed control of hydro-electric sets has up to now been the 
subject of a great deal of research, being a relatively diUkuli 
problem owing to the particular nature of controlled installa¬ 
tions, The transfer function of the controlled installation pre¬ 
sents a non-ptuisc minimum element showing the liydrauUc 
reactions and use of relatively complex regulators is necessary. 

Since the beginning of the century, certain original solutions 
have been developed which have also been used later in other 
fields of application. The development of ntodern .study methods 
of controlled systems has shown these solutitms to he the best 
possible, and the principles of control have not ni>ticeuhly altered 
in the last twenty years. However, such studies have resulted in 
a marked improvement in the choice of the optimum numerical 
values of the regulator characteristic parameters. The spec¬ 
tacular change in regulator conception, which occurred in 1953 
on the introduction of electro-hydraulic control equipment, 
greatly benefued from these studies which had previously often 


remained in the theoretical stage owing to the dilliculties of ad¬ 
justment of the characteristic parameters of meehanical cimlrol 
equipment. 

llifuir 4 is a typical block diagram of such a contri)! set and 
includes the transfer functions of (he Iiydro-clcclric installation, 
the overall set and network, and of a regulator of the accelero- 
tachometric kind. 



Figure 4, J'ypkal hhek tiUtyram of a spivd eontrol hop^ for a hytlro- 

cleetriv M*t 

H Speed regulator; S Valve control servomotor; / Hydraulic plant; 
C/ Turbo-altcrnatur set; .1/ Relative Frequency variation (speed); 

\M Relative variation of the driving power fturhine); I/f Relative 
Nuriation of the load pinver telectric load) 

In such plants the control devices are fornml by hydraulic 
servomotors working the turbine input valve. 'I hesc servomotors 
arc among tlic most powerful of their kind used in industrial 
automation, us shown by lahie /. 

rhe servomotors are governed by control valves worked by 
the detection, correction and amplification devices which form 
the ‘brain' of the set. 1 hese devices were formciiy based on 
hydraulic and mechanical techniques, but owing to the dilTlculty 
of adapting the chiiracteristic parameter.s and to the lack of 
flexibility with regard to the introduction of outside signals into 
titc regulators, which is becoming more and more important with 
the increase in network powers, electrical control governors have 
been developed in the last few years, the use of which is now 
tending to become general. 

rhis problem is still being studied and is the subject of three 
reports presented at this (*ongres.s. ‘fhey give very useful infor¬ 
mation on these studies vvliich nowadays take into considcratioi\ 
as exactly as possible the real characteristics of the elements of 
this control set. 


Table /. Chatavieristlvs of a Few Seriummtors of Illyh Fowvreel Turbine Atinmsion Syatems 


Nature and power 

Servomotor .v 

fse 

Maximum 

Maximum 

Minimum ,serv(mtotor 

Diameter 

Stroke 

ail pressure 

servomotor force 

niattmivre rime 


(mm) 

(mm) 

(kg/cni“) 

it) 

0 


Hydraiilic Kaplan 

Cate 550 

700 

2K 

65 

20 

5 

52 MW 

Blade 2,200 

240 

2K 

no 

20 

30 

Hydraulic Francis 

100 MW 

Gate 500 

450 

20 

39 

15 

4 

Hydraulic Felton 

Needle 345 

170 

30 

28 

20 

23 

57 MW 

Deflector 210 

450 

30 

10 

20 

3 

Steam turbine 

125 MW 

Steam turbine 

Valve HP 260 

200 

13 

68 


06 

250 MW 

Valve HP 270 

249 

22 

12-5 


0-40 


Cut-offfmpteney 
{linear process) 
(c/sec) 

0 * 1^1 

0*1 

0-2 

0'25 

0*25 

1 


I 
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The very complete formulation given by Borel provides the 
basic elements for optimization studies of regulator character¬ 
istics, by taking into account the real characteristics of the con¬ 
trolled installation, especially with regard to the turbine and 
hydraulic installation transient performances. 

The paper by Stein shows the possible importance in these 
control systems of certain regulator non-linearities in view of the 
fact that the usual solution for certain installations leads to a 
conditional stability. 

Finally, Tschumy’s report gives an example of methods of 
determining the optimum characteristic parameters of regulators 
by means of digital computers. 

We would also mention that very interesting studies have 
been made on the determination of the exact nature of the active 
load random fluctuations observed on networks. These studies 
have approximately fixed the disturbance statistic characteristics 
(frequency spectrum) to be taken into account for the determina¬ 
tion of the regulator optimum adjustment. 

Thus, we observe the importance attached to such questions, 
for which a certain development can still be expected. This could 
be mainly the perfecting of regulators which automatically adapt 
themselves to exact operating conditions, i.e. regulators having 
characteristics which vary in function of the generator loads and 
the hydraulic conditions of the moment (auto-adaptive systems). 
Electro-hydraulic regulators are well adapted to this possible 
development, and, in this field, no very spectacular changes can 
be expected. 

Speed Control of Thermal Sets —^Until recently, speed control 
of sets driven by steam turbines had not been studied to the ex¬ 
tent of the problems just mentioned. In practice stabilization of 
the speed control of this kind of generator is less complicated 
than that of hydraulic sets, as the flow of steam lends itself better 
to sudden modifications than that of water. Hence the majority 
of studies on thermal sets have been on overspeed limitations 
after sudden unloadings, as these high speed rotation units do 
not tolerate overspeeds. 

Development of reheating turbines and increase in unit 
powers which reduce set starting-up times have complicated both 
overspeed limitation and control stabilization. However, methods 
developed for hydraulic sets provide data and equipment adapt¬ 
able to thermal set control equipment similar to that mentioned 
earlier, i. e. generalization of electro-hydraulic regulators. Two 
reports on this question are presented at this Congress. 

Eggenberger describes an electro-hydraulic speed regulator 
for a reheating turbine, and shows its advantages compared with 
the mechanical regulators universally used until very recently. 
The flexibility of this type of equipment is very useful in this field, 
in which starting-up problems are very delicate. Furthermore, 
such devices enable easy linearization of the response curves of 
the overall control loop, which is most advantageous for opera¬ 
tion. They also appear to be very satisfactory for overspeed lim¬ 
itation. This report mentions a possibility of overspeed limitation 
in the case of a sudden total unloading of 106 per cent of the 
rated speed by a set of only 5 sec starting-up time. Such a result 
could allow a reduction of the overspeed to be taken into ac¬ 
count in studies on generator dimensioning, which could result 
in very obvious economic advantages. 

The paper by Ehling studies the speed control of different 
types of steam turbines, and can be compared with Borel’s report 
which gives the bases of such a study for a hydro-electric set. 
We expect to increase our knowledge of the transient behaviour 


of controlled installations by more advanced physical and mathe¬ 
matical analyses of the processes and various experiments on 
existing sets. It will then be possible to improve the choice of 
turbine characteristic parameters and even their mode of action in 
the case of reheating turbines which have several control devices. 

Thus, in this relatively recent field of study, there will certain¬ 
ly be a marked progress in regulator conception, their control 
function and their participation in the various very complex 
operations of thermal set stopping and starting up. 

Heat Control—Command Automation of Thermal Power —^If, 
in hydro-electric plants, only turbine regulators are used for 
automatic adaptation of the supply to the demand, in thermal 
power stations it is even more necessary to maintain steam pres¬ 
sure and temperature conditions at the turbine input by control 
of the fuel supply. This automatic system is referred to as a heat 
control system. 

The problem of heat control is one of the most complicated 
problems in electrical power production, and up to date its so¬ 
lutions do not appear entirely satisfactory. Generally speaking, 
it amounts to the control of a multivariable system, as, among 
other things, it has the function of controlling the boiler thermal 
power, controlling the fuel, controlling the steam temperatures, 
and controlling the water level in the boiler tank (when it exists). 

The difficulties of such control functions arise from the inter¬ 
action between the different control loops. Thus the control 
quantity of one loop can be considered as the disturbance factor 
of another loop. This is due to the physical nature of the phe¬ 
nomena and cannot be avoided. 

The importance of the quality of heat control is partly due 
to economic considerations. According to reductions in the dif¬ 
ferences between the effective values of the controlled quantities 
and their reference values, it is possible to choose the reference 
values near the technological limits of the equipment (for ex¬ 
ample, the maximum temperature of steam), which are beneficial 
both to the investment costs and to the theoretical operation of 
the plant. Thus the security margins usually allowed for dimen¬ 
sioning could be reduced. Furthermore, if the transient perform¬ 
ance of the control loops is satisfactory, the plant could always 
be maintained almost at its optimum production, whatever the 
load variations imposed on the generator by variations in de¬ 
mand on the network. 

To complete this rapid examination of problems on thermal 
power station operation, we would once again mention the im¬ 
portance of the starting-up and stopping processes in these plants. 
During these processes the boiler and turbine thermal states 
vary considerably, and great care has to be taken to avoid dan¬ 
gerous thermal and mechanical stresses on these different ele¬ 
ments. Furthermore, on up-to-date sets, there can be almost a 
thousand points to supervise. 

Having thus given the basic elements of the problem, we next 
briefly state the main steps in the development of automation 
in thermal power station operation. Formerly such stations were 
operated locally and by hand. A large staff were in local control 
of the various elements; and, in view of the natural interaction 
between the latter, this presented numerous difficulties. 

The first automatic loops were introduced with fuel automatic 
control at the beginning of this century, but for a long time 
remained relatively rare. Only 30 years ago, thermal power sta¬ 
tions, apart from a very few exceptions, were still operated locally 
and entirely by hand. 
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Operational difficulties first led to an attempt at control 
centralization, enabling a coordination in commands. However, 
the carrying out of these commands depended on network staff 
locally operating the various control equipment. 

Little by little, local automatic control loops were developed, 
which led to the situation existing at present in most of the up- 
to-date thermal power stations, in which, from a central control 
room, a very reduced number of personnel can operate the vari¬ 
ous command elements of the boiler, the turbine and the alter¬ 
nator. These elements are equipped with local loops which 
automatically regulate the temperature, fuel, thermal power and 
level. T^e staff can alter the command points of the local control 
loops in the same way as they can take over purely manual 
control of the power station, which frequently occurs in the case 
of very large disturbances beyond the control of the automatic 
devices. 

In view of this situation, attempts were made to perfect ‘non- 
interacting’ control systems, in other words systems which antici¬ 
pate that necessary modifications of control quantities of local 
loops perturb the other loops and which provide against such 
perturbations by directly altering the control quantities of the 
other loops. These ‘non-interacting’ systems should prevent the 
oscillations around the reference values of the different control¬ 
led quantities which are observed with usual systems, and the 
gain in efficiency expected from suppression of these cycles is 
calculated at about 0*5 to 1 per cent, which is far from negli¬ 
gible. 

These ‘non-interacting’ control devices are also expected to 
improve the control transient performance and enable it to over- 
coine large-scale disturbances. However, in practice, such auto¬ 
matic equipment demands a good knowledge of the transient 
performance of the controlled installation; this fact has, over the 
last ten years at the most, given rise to numerous studies which 
at present are still not completed. Even if these non-interacting 
control loops are one day perfected, they will not answer the 
overall problems connected with thermal power station opera¬ 
tion, Problems on the numerous important parameters, on 
starting-up and stopping and on efficiency optimization, remain 
essential and are further complicated by the increases in unit 
powers and the technical developments in the field of thermal 
generators. These reasons have led to a decisive development, 
i.e. the use of digital computers for the control and the command 
of these plants. 

The use of computers was first studied in the United States 
about 1955 and was based on autoniatic collection of informa¬ 
tion on the state of the power station, on automatic supervision 
and efficiency calculations. Such equipment had no direct effect 
on the working of the plants, but considerably helped operators 
by taking over the supervising of about 1,200 quantities and 
providing them with very accurate information on what to do 
in order to improve the boiler performance. 

Next command of the starting-up and stopping sequential 
operations by computers was examined, and put into practice. 
On receiving all the necessary data on the exact state of the 
different elements of the plant, the computer enabled accelera¬ 
tion of the starting-up time, without any detrimental stresses be¬ 
ing applied to any part of the equipment. This form of computer 
sequential command has brought about a spectacular reduction 
of the starting-up time. An operation that formerly took be¬ 
tween six and seven hours now takes only four hours and with 
no strain on the equipment. 


Another step in computer use consists in using them directly 
in connection with the command points of local control loops, 
in order to continually improve the performance of the installa¬ 
tion. Finally the suppression of these local loops can be con¬ 
sidered. The computers would then be in direct command of the 
control instruments. 

At present, there are about 50 thermal power stations in the 
world using digital computers for collection of data, automatic 
supervision and efficiency calculation. In about fifteen of these 
the computer is in direct permanent command of operations. 
The majority of these power stations are in the United States. 
The two most well known (the first to use computers for direct 
command of both the starting-up and the control) are those of 
Little Gipsy and Huntington Beach, which have been given a 
good deal of publicity lately in technical literature. 

A few additional details give a clearer idea of the extent 
of the problem in question and of the interest to electrical utilities 
presented by the development of these techniques. The number 
of quantities dealt with by a computer (input elements) is about 
1,200, of which approximately 600 are supplied in similar form 
(mainly temperature, 70 per cent) the others being ‘all or nothing’ 
signals. The speed of data is, at present, between 5 points and 
150 points per second. The output quantities of a computer 
number about 400, of which approximately twenty are in anal¬ 
ogue form, the remainder being ‘all or nothing’ signals. These 
computers must have considerable storage in order to inscribe 
the various programmes corresponding to all the situations con¬ 
sidered, and the extent of storage capacity of present computers 
is between 50,000 and 100,000 words. 

The main advantages to utilities of the generalized use of 
computers are as follows: 

Improvement of the efficiency of the plant: a gain of 1 per 
cent being generally expected (to give a better idea, we could say 
that a 1 per cent efficiency improvement on a 250 MW thermal 
set means an economy in present values of about 3 • 10^^ kcal, 
which, for example, with the cost of the calorie in Western Europe 
provides an actualized economy of about 700,000 dollars). 

Increase in operating flexibility, which is of marked interest 
for network operation. The inherent difficulty of heating control 
renders possibilities of computer adaptation of control loop 
characteristics (auto-adaptive system) very tempting. 

Improvement of equipment reliability by better decisions on 
the occurrence of an incident. Consequently, the thermal sec¬ 
tions will be more available, which will reduce the extra operat¬ 
ing costs of replacing failing sections by older ones, accidental 
breakdowns will be decreased, hence a possible reduction of the 
revolving reserves and the risk of very serious accidents will also 
be cut down, which obviously is difficult to estimate. 

Reduction of control staff. This is debatable, as certain 
utilities consider that they have already reduced their operating 
staff to a minimum. 

Modification of the very conception of power station control 
equipment, which could result in marked investment economics. 
For example, the complete suppression of certain manual equip¬ 
ment can be anticipated. In present stations, this adapting of the 
main equipment to automatic command has not, for very good 
reasons, been fully accomplished. It is understandable to first 
want to make sure of the good operating performance of the new 
command techniques and the amount of confidence that can be 
placed in the new instruments for continuous industrial oper¬ 
ation. 
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The economic interest of digital computers for thermal power 
stations will certainly be justified by present realizations, pre¬ 
vious estimations having given favourable results. Cost of meas¬ 
urement and command equipment in classical power stations 
represents about 6 to 7 per cent of the total cost of the plant 
(i.e. about 25 to 30 dollars per installed kW). The additional 
costs of digital computer operation (including the adaptation of 
the detectors, of the control devices and the computer) are esti¬ 
mated at about 7-5 dollars per installed kW. Furthermore, we 
would point out that the increase in unit power economically 
justifies the use of computer control, the cost of these instru¬ 
ments being practically independent of the section to which they 
are attached. 

In view of the importance of this question, it may seem sur¬ 
prising that no report on the subject has been presented at the 
present Congress. This could be explained by the amount of 
recent technical publications on it, but it is to be hoped that this 
aspect of network automation will be developed at futurel.F. A.C. 
congresses. 

Two papers only deal directly with heat control, one is by 
Kanda and the other by Kindermann. The former gives very 
interesting information on the perfecting and performances of 
an analogue optimization system of boiler combustion efficiency 
by automatic control of the arrival of air, and shows the practical 
difficulties of such control. These are mainly caused by the fluc¬ 
tuating character of various characteristic quantities of the 
equipment and of its fuel supply. This kind of problem generally 
exists in this type of industrial plant, and the same difficulties 
occur in connection with computer use. 

Kindermann gives a good example of the kind of study 
methods to employ for determining the performances desirable 
for boiler control instruments; the particular case considered in 
this report is that of reheater control. Knowledge of the transient 
behaviour of the controlled plant is essential, and, though sup¬ 
ported by physical and mathematical analyses, must always be 
based on results of experiments made on real plants. 

A more thorough knowledge of transient behaviour is actual¬ 
ly one of the main aims of those who plan for even more com¬ 
plete automation of thermal power stations. Studies are being 
carried out in various countries and we can expect to obtain, in 
the near future, complementary information which will enable 
another step to be taken in this direction. 

Generalization of the use of digital computers in thermal 
power stations will certainly be, in the next few years, the most 
spectacular development in electrical power production. How¬ 
ever, we must not underestimate the problem and numerous 
questions that will have to be answered before we obtain the 
ideal of an entirely automatic power station receiving from the 
network command instruments (automatic dispatching) only sig¬ 
nals for stopping-starting-supply of active and reactive power, 
without the need of human intervention for it to accomplish its 
primary function of producing electrical power supply perfectly 
adapted to the need of the customers. 

Automation of Nuclear Power Stations —^Nuclear power sta¬ 
tions came into being not long before the development of digital 
computers in plant control^ and from the very first, this type of 
power station made use of the great possibilities of this technique. 

In nuclear power stations the number of quantities to be 
supervised can be greater than in thermal power stations, and 
may attain over 2,000. However, the automation technique uised 


is not fundamentally different from that used for thermal power 
stations, though security has an even greater importance. Here 
again a knowledge of the transient behaviour of the controlled 
installation is a necessity, and M’Pherson and Muscettola deal 
with an aspect of the transient behaviour of a boiling water nu¬ 
clear reactor, and this paper has a more general character. It 
shows the difficulties, which occur in all systems of this kind, of 
representing the performance of the mixture of steam and water. 

Nuclear power stations have certain very special problems 
which necessitate special automatic solutions. This is the case, 
for example, of the charging of nuclear reactors which is render¬ 
ed complicated by the number of necessary manipulations and 
the necessary accuracy for controlling in position the large me¬ 
chanical instruments. One paper describes a solution using a 
hybrid technique of a perforated tape programme and analogue 
positioning systems. 

Reactor transient control has also been the subject of numer¬ 
ous studies during recent years. The probable development of 
these kinds of automatic technique should render power stations 
entirely automatic, to enable its optimum use in the overall 
means of production of large interconnected networks. 


Special Aspects of Frequency Control on Large Interconnected 
Networks, Power-frequency Control —to now we have de¬ 
scribed problems on speed control and load variations of hydro¬ 
electric and thermal generator sets resulting from the latter with¬ 
out making a distinction according to the kind of network under 
consideration. As for voltage control, when several generators 
supply one network, the problem of load distribution between 


them is added to that of the speed. 

With regard to voltage control, the situation is the same to¬ 
day as it was at the beginning of network operation, i. e. sets 
equipped with static speed regulators supply active power, Pu 
which, in theory, varies linearly with the frequency according to 
a steady state law: p 

p-p 


(see Figure 4) an expression in which P© is a programme power 
set by hand on the speed regulator, Af the frequency variation 
with respect to its reference value, d the regulator statism, and 
PjYi the rated power of the set in question. For the sake of 
simplification, p < 


As the frequency is the same at all the points of a network, the 
distribution of the total amount of consumed power is auto¬ 
matically carried out in proportion to the respective statisms of 
the different regulators on a basic distribution set by the respec¬ 
tive values of the programme powers Poi (see Figure 5 in the case 
of two generators). 

Under these conditions, by negjecting the network auto¬ 
control, a deviation An between the demand and the sum EP^i 
of the programme powers provoke, in steady state, both a fre¬ 
quency variation 


and a variation 


in , 


of the power supplied by each set with respect to its programme 
potver. 
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Figure 5. Principles of the automatic load distribution between two 
generators equipped with ^static" speed regulators 
id/Frequency variation; Pi Output power of generator /; n Power 
demand; A Individual characteristics: frequency-generator power; 
B Overall characteristics: frequency-load power 


Studies and tests carried out over the last ten years have shown 
that random fluctuations of network loads present a typical 
deviation which is a function of the network total power and 
the nature of the load in accordance with the relationship Op = 
P being the network power and m a coefiicient varying with 
the nature of the load, for example about 0-03 for Western 
European networks. Furthermore, with the statisms usually 
employed on set speed regulators, the overall statism of a net¬ 
work is about 10 per cent, i.e. Zki c:' 0*2 P for a 50 c/sec network. 

Under these conditions, numerical calculation shows that, 
as soon as the network attains a certain power, the amplitude 
of frequency random variations remains low enough to refrain 
from seriously inconveniencing the customers. Thus for 2,500 
MW networks, the typical deviation of the frequency fluctua¬ 
tions is 0*017 c/sec, and for 10,000 MW networks it is reduced 
to 0*0085 c/sec. As in practice these fluctuations are distributed 
according to a gaussian law, the amplitude of the frequency 
deviation is, in 95 per cent of cases, less than twice the typical 
deviation, which proves the excellence of the frequency control 
thus obtained. 

In conclusion, the existence of load random fluctuations on 
large networks does not cause some frequency variations and 
does not call for the use of frequency automatic control devices 
other than those with which generator sets are normally equipped. 

However, as we have always shown, the anticipated load 
variations are much greater, and it is necessary to modify the 
programme values Pq* whatever the power of the network under 
consideration. Such automation calls for other control instru¬ 
ments. 

Furthermore, the development of interconnected networks 
has raised the problem of load fluctuations on interconnecting 
lines. We can easily understand this problem by taking the typi¬ 
cal diagram in Figure 6 which represents the connection of two 
networks A and B by an interconnecting line /. 


I 



APib 


0 

APia=-APib 


At 

Figure 6. Basic diagram of the electrical interconnection between net¬ 
works A and B 
I Interconnecting line 


If, during steady state operation, a load variation occurs, for 
example in network y4, pf amplitude zItt, the resulting frequency 
variation will be: 

^ Ikt+Iki 
A B 


the power supplied by the generators of network B will vary by 
a quantity 


APB=-Af-Iki=AP^ 

B 


Iki 

B 


Iki+Iki 
A B 


As the demand on network B is assumed constant, the power 
variation is entirely on the tie-line and, if it persists too long, 
may cause the breaking of this line through overloading. There¬ 
fore it is necessary to control the exchange of power on the tie¬ 
lines. The first studies and applications of this kind of automatic 
control date back to about thirty years ago, and were used at 
about the same time on various United States and European 
networks. The problem took on additional importance when, in 
about 1950, the large Continental interconnections started to 
develop. 

The solution almost generally adopted at present, in various 
forms, is that of the ‘frequency-power’ type of control. This 
consists in automatically varying the programme powers, 
given to the regulators of the generator sets, as a function of the 
frequency variations and of the power variations of the inter¬ 
connection, to cancel in a balanced state both the frequency 
deviation and the power deviation of the interconnection, hence 
the name given to this kind of control. 

The method consists in working out at a point on the net¬ 
work a linear combination of the frequency deviation Zl/and of 
the exchanged power deviation APf , 

i.e. e=Af+^^ 


and in varying the programme power of certain of the network 
generator sets at a speed proportional to this deviation. The sum 
of the programme powers of the network generators will be a 
linear function of the integral, with respect to the time of devia¬ 
tion s. Thus, a network is balanced only when the sum 

equals zero, i.e. in Figure 7 at any point on the line of equation 



If this control is applied simultaneously to two interconnected 
networks, the sign of the power deviation \APi\ is obviously 
different for each of the networks, we can see that the only bal¬ 
anced point is the meeting point of the two balanced straight 
lines of the networks A and B, This balanced state corresponds 
to zero frequency and power deviations. 

The use of ^e ‘power frequency’ control calls for a very 
important substructure of telecommunication means on the net¬ 
work, which transmit the power values of the interconnection 
lines both towards the network point where e is calculated and 
from this point towards the various generators in charge of 
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control. It is advantageous for a considerable number of gener¬ 
ating sets to participate in this control, which shows the indis¬ 
pensable development of telecommunication links. 

Different ‘power fr^uency’ methods have been perfected and 
have contributed considerably towards the development of inter¬ 
connections. At present the largest existing interconnection 
covers all the Eastern networks of North America and represents 
a power which must now attain and even exceed 112,000 MW. 


In order to obtain a normal state of operation, it is necessary 
that the power supplied to the network, i.e. SPj be equal to the 

power consumed, which is the sum of the power demanded by 
the consumers SRj^ and of the losses on the transmission net¬ 
work, i.e. p. ^ 

Whence the equation 

IPj-p-SR^^O ( 1 ) 

» 



Figure 7. Static characteristic of the 'power-frequency' control 
equipment 

d/F^uency variation; APi Power variation (tie line); 0 Simultane¬ 
ous balance point of the control equipments of networks A and B 


The Western European networks form the second largest 
interconnection in the world, Avith a total power of over 50 000 
MW. Not one report presented at this Congress deals dirwtly 
with this question, yet had such a manifestation occurred several 
ago it would probably have been the subject of the majority 
of the repo^ on the use of automation for electrical networks. 
As it is, this control technique is so perfected that interest has 
pa^d on to the economic aspect of network operation. Thus 
whilst power frequency control enables the frequency variation^ 
to be overcome and very large interconnected groups to be tech- 
mcally operated, power distribution between generator sets fol¬ 
lows a pre-established programme, as the load variations pro¬ 
voked by this control are distributed between the generators in 
proportion to influence coefficients set by hand. These coefii- 
cients are chosen according to certain rules, which do not neces- 
saray operate the network at optimum conditions. 

The telecommunication substructure demanded by power 
Irequency control enables remote control of all the important 
machines on the network, and naturally led to the idea of using 
It fw assuring economical distribution of supply. This bring s us 
to the final aspect of use of automation on electrical networks 
that of reducing the cost of power supply by optimization of the 
means of supply. 

IVfinimization of die Cost of Power Supply 
Basic Principles of Economical Dispatching 

In order to simplify our explanation, we shall consider for 
the m^ent the case of a network entirely supplied by fb<»rm^ i 
sete. Therefore, we assume the network to have n generator sets 
and M points of power supply. The first problem consists of 
choosmg Ae powers ... ... p„, supplied by each generator 

set m such a way as to obtain, once a balanced state has been 
cstaolished, the minimum cost of supply. 


The losses are a function of supply and demand, which de¬ 
pends on the structure of the network, and 

P=<p{Pi...P„,R^...R^...R^) ( 2 ) 

^ The total cost of power supplied by the thermal power sta¬ 
tions in a unit of time depends entirely on the loads of all the 
power stations, and 

(Pi)+... +Py (P;)H-;.. +F^{P„) (3) 

It is this function that has to be minimized, eqns (1) and (2) being 
respected. 

In a first attempt at solving the problem, made before 
World War II, the losses on the transmission network were neg¬ 
lected, which gave: 

IPj-IR^=0 

n 

F=FdPi)+...+Fj(Pj).^....i-F„(P„) 

^ Simple use of the calculation of variations leads to the solu¬ 
tion of this problem, which consists in equalizing between them¬ 
selves the partial derivatives with respect to the different powers 
produced by the cost function P, i.e. 


dPi_df2_ _dP._ 

<iPi dPj "• dP^ •••“dP„“^ 

■raese various functions represent the marginal cost of pro¬ 
duction of the various power stations, quantities which depend 
only on the characteristics of these power stations. For a long 
time, this distribution method has been used for choosing 
the programme values Pj to be given to the turbine speed regula¬ 
tors mentioned previously. This method of operation is stiU used 
in a large number of networks not having automatic dispatching. 

^ However, on very extensive networks on which the trans¬ 
mission losses can reach up to 10 per cent of the power 
consumed, this simplified solution is not entirely satisfactory. 
Yet, consideration of the losses is very difficult, because of the 
compleribifity of eqn (2). If the form of this equation is known, 
then minimization of the cost is, in theory, quite simple; it is but 
a quration of ob^ning a supply distribution such t&at it makes 
no difference which of the power stations is used to compensate 
an elementary load variation dP^ occurring in one of the demand 
centres. 

If power station / compensates this variation IRr, its supply 
vrill vary by a quantity dPf such that 


i.e. 


dPy—dp^x—dRjj.=0 


dP_ 
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Ratio dPjicIdP] is the network differential loss with respect 
to the power station j and demand centre K, which can be cal¬ 
culated if the form of function (p in eqn (2) is known. 

The supply cost variation is then 


dF 






We generally write 


- -z —dRjif 

dP, 




this factor being termed ‘penalty factor’. 

The cost will be at its minimum if values di^ are, under these 
conditions, all equal, i.e. 


Li 


dF 

dPi 






X being the marginal cost of supply. 

This equation system is referred to as coordination equations 
and served as a basis for the 6rst industrial realization of auto¬ 
matic economical dispatching. 

In order to undertake such work, it was necessary to develop 
methods of calculating the differential losses, which has been the 
object of numerous studies over the last ten years. Several meth¬ 
ods leading to more or less definite results have been suggested, 
and the discussions on the subject are still going, on. The active 
losses on a network depend not only on active power transfers 
but also on those of reactive power, and supply optimization 
must apply not only to the active power distribution, but also 
to that of the reactive power. 


Present Automatic Dispatching Realizations 

The first economic dispatching outfit was used in the United 
States about 1955. In the form of an analogue computer, it did 
not directly operate on the generators, and enabled only the eco¬ 
nomical distributions of active power production programmes 
to be determined. It was based on approximative formulae of 
the differential losses. These programmes were set by hand 
onto the generators remaining under normal power-frequency 
control. Equipment of this kind, not connected to the plant, 
became known as dispatching computers. It also made possible 
the calculation of the marginal cost of power supply on the out¬ 
skirts of the network, i.e. at the point of intercormection with 
the other interconnected networks, and proved very useful for 
fixing the tie-line power-exchange programmes according to 
economical considerations. 

Later, about 1958, there also appeared in the United States 
the first automatic dispatching equipment directly connected to 
the plemt. This economical step is superimposed onto the power 
frequency control by automatically changing the basic powers 
entering into this control. The economic effect is much slower 
than that of the power frequency control which thus retains its 
efficiency in the control of network transient behaviour. To give 
an idea of this type of equipment. Figures 8 and 9 give simplified 
block diagrams relating to both the dispatching computers and 
the automatic economical dispatching equipment. More recently 
digital equipment has appeared that has functions similar to 
those of the first analogue realizations. 



Figure 8 . Basic diagram of a dispatching computer for the economical 
distribution between two power stations Cj and C2 

Coordination equations Lj (dF/ dP^) = (dF/ dFg) = or 
(dF/ dFi) = A/Ll, <3^2) = 

Penalty factors Li and L2 are assumed to depend only on active powers 
Pi and P2 and are calculated by the ‘penalty factor computer’. Margin¬ 
al production costs dF/dFi and dF/dF2 depend only on the individual 
characteristics of each power station, and are represented by the ‘cost* 
function generators. The usual form of these functions is shown on 
the loop corresponding to power station 2 . For a given value of A the 
computer delivers the respective optimum values Pi and P2 for both 
power stations. In order to supply a given power, the sum of Fj + Fg 
must be equal to power demand n hence the loop acting on A in func¬ 
tion of deviation ^--^(Fi -f- Fa). When the balance is reached, the 
computer delivers the optimum distribution. 

At present both these types of equipment exist. Certain util¬ 
ities are of the opinion that there is no point in using computers 
connected to the networks as long as this intermediate stage of 
automation cannot be surpassed, and prefer to use dispatching 
computers. They consider the differences between actual con¬ 
sumption and provision to be sufficiently small for economical 
distribution to be unnecessary, and that it is preferable to have 
dispatching computers, in order to anticipate further ahead the 
programme variations and uses of new production units, which 
is more difficult with directly connected automatic devices. 

However, those who use these automatic devices seem satis¬ 
fied with them and consider their use worthwhile. Obviously, it 
is difficult to assess their merit. On one hand, the marginal costs 
of production, or the marginal consumption, are very difficult to 
estimate, especially for power stations using coal. By exaggerat¬ 
ing a little, we may wonder to what extent up to now the varia¬ 
tion curves of this marginal cost, as a function of the power, 
have been chosen in view of facilitating the stabilization of eco¬ 
nomic distribution automatic equipment, rather than of repre¬ 
senting the actual perfonnance of thermal sets. The development 
of automatic thernial power stations can be expected to provide^ 
much more accurate information on this point. 

On the other hand, present methods of differential loss cal¬ 
culation are based on simplifying the approximations, the reper¬ 
cussions of which are very difficult to evaluate and the validity 
of which certainly depends on the network in question. Even so, 
this step in the development of network automation is of con¬ 
siderable interest, as it is the first important industrial realization 
of automatic optimization of a system. It will, no doubt, be 
improved, but the basic principle are laid and will remain basi¬ 
cally the same. 
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Present Development of Automatic Dispatching 

Present studies in this field are mainly on two types of par¬ 
ticularly delicate problems, the solving of which is likely to give 
rise to a spectacular generalization of network automatic com¬ 
mand. These are: 

The application of economic dispatching to networks partly 
supplied by hydro-electric power stations. 

The choice of the means of production and the optimum 
structure of the network in view of the various existing require¬ 
ments. 

The difficulty of the first problem results from the random 
aspect of the available hydro-electric energy, which must be 
estimated as a function of future possibilities of utilization, the 
aim being, in a network with both thermal and hydro-electric 
sets, to attain the minimum fuel consumption possible in the 
thermal power stations. Thus it is exceptionally difficult for 
hydro-electric power stations to fix the marginal costs which 
would enable the use of the classical economical dispatching 


directly connected with system control devices, and consequent¬ 
ly it is a question of improving the dispatching computer equip¬ 
ment previously described. 

Ruge’s report deals with the problem in a more general way, 
as it aims at defining a long-term scale optimization criterion 
for a hydro-electric group. The author is of the opinion that 
whilst calculation by the variation method is well adapted for 
solving the problem at a given moment or for short-time plan¬ 
ning, it does not provide a reliable solution to long-term investi¬ 
gations. Consequently, a new optimization criterion has to be 
found which takes into account, for a purely hydro-electric net¬ 
work, the utilization value of the supplied power which is a func¬ 
tion of the power demand and of the time at which the power is 
demanded. The application of this method to the case of two 
reservoir power stations is described, but its extension to a large 
number of reservoirs of different characteristics meets with diffi¬ 
culties not yet overcome. Thus automatic dispatching is not yet 
entirely satisfactory for a network with an important proportion 
of hydro-electric supply. 



Dispatching Telemeasure Central 


Figure 9 . Basic diagram of economical dispatching automatic devices 

The principles are the same as for dispatching computers. However, the power supplied by power stations (Q) is directly dependent on the 
data delivered by their associated function generator (2). Penalty factor computers (3) deal with the powers actually supplied by the power 
stations. In a network, a deviation between the power demand and the power station programme power can be represented by the value of 
the binomial {Af -|- dP/2), not equal to zero. The integral of the binomial (4) is then used to bring the network to its balanced state. Conventional 
power-frequency control operates according to the same principles, but, since its action has to be primordial in case of fast variations, the 
action of the function generators is much slower than that of the power-frequency control which divides the load variations proportion¬ 
ally between the various machines; (5) Network regulator; 4/Frequency variation; APi Power variation (tie-line) 


method. As long as we are dealing with the optimum operation 
of hydro-electric power stations, the studies cannot be made on 
an instantaneous basis. 

Two papers presented at this Congress, one by Kirchmayer 
and Ringlee, the other by Ruge, are directly concerned with this 
piroblem and give an exact account of the actual state of studies 
on the subject. 

The first report compares two methods of calculating the 
optimum distribution within a group of thermal and hydro¬ 
electric power stations on a short time scale, e.g. one day, in view 
of the various requirements which exist in reality. 

In this case, the total quantity of water to be used during this 
period is taken as^fixed for each of the hydro-electric power 
stations, and the authors give a few practical examples of the 
variation method and of the transient programming method. 
They conclude that the variation method seems best for this 
problem, in view of present means of computing. In this case, 
the aim of automation is to define a plan of operation and is not 


In practice, the difficulties encountered for this type of net¬ 
work also exist for purely thermal networks, as even in the latter 
it is not possible to consider only a given instant. Whilst present 
methods make possible (in spite of their imperfections) the satis¬ 
factory approximate determination of distribution optimization 
between a certain number of thermal sets operating at a given 
time with a given network configuration, they only provide a 
sub-optimization corresponding to a particular case, which is 
not necessarily the most economical. 

The choice of machines to be started up or stopped, the def¬ 
inition of the times at which they have to be started up or stop¬ 
ped, the closing or the switching off of certain meshes of the net¬ 
work appear to have economic repercussions at least as impor¬ 
tant as accounting for transmission netvvork losses at the time 
of choosing the load distribution between generators. The cost 
of stopping or starting up a thermal set is far from negligible; 
equally so the increase in consumption per energy unit of this 
set, when its power output is reduced. 


16 






APPLICATIONS OF AUTOMATIC TECHNIQUES IN THE CONTROL AND OPERATION OF ELECTRIC UTILITY SYSTEMS 


Vdmos, Benedikt and Uzsoki partly deal with this problem 
and stress the importance of the requirements imposed on net¬ 
work structures by operation security. This report mentions var¬ 
ious other aspects of dispatching and production automation, 
and shows all the difficulties met with in the application of these 
techniques. 

System Development Studies 

Thus, though network automation has been greatly develop¬ 
ed, it cannot, as yet, be applied to all the problems facing utili¬ 
ties. Most technical problems can be considered as either com¬ 
pletely solved or well on the way to being solved, and present 
studies are mainly on the economic aspect of operation. How¬ 
ever, in connection with such problems it is not possible to con¬ 
sider only a state of the network, and due consideration must be 
given to the future. This is true not only for the operating of 
networks but also for their development. The increase rate of the 
power consumed on the various networks never slows down and 
maintains an average value varying, according to the case, from 
6 to 12 per cent per year, which implies a rather rapid develop¬ 
ment (doubling of supply in 12 or 6 years). Therefore, it is normal 
to examine next the use of automatic techniques in network 
development studies.. 

The paper by Venikov and Tsukernik deals with this question 
and shows the advantage and even the necessity of cybernetics 
in this field of study. Not only has the examination of every 
aspect of network development to be coordinated, which, ac¬ 
cording to the authors, implies a change in conception and even 
in reasoning, but it has to be seen in a larger context, in other 
words, integrated into a general electrical plan. Present means 
of study, computers and simulators, allow audacious aims to be 
set. In the same way, the development of network statistical 
control could provide more accurate bases for network planning. 

Such studies must be based on the new cybernetic theories, and 
should lead to truly optimum network structures and operation. 

With regard to this subject, we would point out that network 
utilities have long been studying these questions, and that more 
or less empiric methods, adapted to existing material means of 
study, have been used and perfected; methods which still serve 
as a basis for decisions on network equipment. Whilst it is defi¬ 
nitely of interest to develop the more efficient new methods 
rendered possible by present means of study, we must beware of 
erasing all previous methods and of neglecting results already 
obtained. The more complicated techniques need to be introduc¬ 
ed gradually by the utilities most directly concerned, and ex¬ 
perience gained gradually by the latter should certainly be taken 
into consideration. Thus, in particular, the development of 
water-tight terminology needs to be avoided, as it could 
discourage utilities and lose many of the advantages which can 
rightly be expected from the development of these new methods. 
Furthermore, this problem seems very general for everything 
connected with the application of automation in the electrical 
industry, and an effort is required from specialists on these 
questions towards simplifying the vocabulary and clarifying the 
analysis of the new techniques. 

Synthesis of the Use of Automation on Electrical Power Systems 
and Conclusions 

We have reviewed the different aspects of. the use of auto¬ 
mation on electrical systems and have been led to consider seem¬ 


ingly very different problems. In conclusion, we consider it use¬ 
ful to try to show from the above analysis the general charac¬ 
teristics of the development of automation in this field. 

Nature of the Problems 

Improvement of the technical and economical quality of 
supply implies that the network elements are capable of rapid 
adaptation to the needs of the customers, shown by the active 
and reactive loads demanded. Therefore one of the essential 
qualities of electrical power production and transmission equip¬ 
ment is a maximum operation flexibility which allows it to stand 
up to demand variability. Automation of such equipment is 
essential, whether it be control automation (voltage, speed, net¬ 
work control) or sequential automation (rapid starting up and 
stopping of hydro-electric and thermal power stations). It has 
not always been easy for electrical utilities to get the constructors 
to accept this point of view. Obviously, it is natural for the latter 
to advocate suitable control systems for avoiding stresses on 
their material rather than to accept very rapid and large load 
variations; and utilities have to oppose this tendency in every 
way. Often a compromise is adopted, but for it to be satisfactory, 
it is necessary that the needs and the nature of the difficulties in 
question be clearly defined by both sides. 

Another characteristic of large networks is the number of 
possible control quantities between which a coordinated action, 
the most economical possible, has to be made. Often these con¬ 
trol quantities correspond to the different machines on the net¬ 
work, and safe and rapid telecommunication problems are of 
great importance. 

Multivariable system control, which includes the automatic 
control of thermal power stations, can only be automized by 
digital computer methods. 

Automation Study Methods 

In general the development of automation has called for a 
better knowledge of the static and transient performance of the 
equipment in question, in particular of the alternators of hy¬ 
draulic and steam turbines and of the boilers. In order to perfect 
this knowledge, studies need to be both theoretical and experi¬ 
mental. However, in the case of networks, the experimental part 
presents considerable difficulties in view of the amount of equip¬ 
ment concerned and its importance in daily operation. Conse¬ 
quently, the present tendency is to establish a mathematical 
model, the validity of which is checked during a limited number 
of tests on the actual installation before beginning the actual 
study of automatic techniques on the computer, simulator or 
small model which includes the future automatic equipment of 
the network. 

Present State of Automation 

We have shown that network automation applies to the fol¬ 
lowing different fields: 

Security automation (network protection, supervision of 
stresses on the equipment). 

Control automation (voltage, speed, network control). 

Sequential automation (starting up and stopping of power' 
stations). 

Automation of plant optimization (control of thermal power 
station economic dispatching). 

This list corresponds to the chronological use of automatic 
techniques; the first applications of which date back almost sixty 
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years. At present we are justified in considering that the technical 
solutions for the first three classes of automation are generally 
satisfactory and enable the network to maintain a very high 
quality of service. The first applications of automatic optimi¬ 
zation and the interest shown in such questions clearly show that 
the reduction of the cost of power supply is at present one of the 
main concerns of utilities. 

From the point of view of the automatic techniques used, 
almost all present control methods are of the analogue type, 
with the obvious exception of the first applications of automatic 
optimization and plant logical command (thermal power sta¬ 
tions). We do not consider it necessary to try to generalize the 


of the installations (for example, reduction of the short-circuit 
ratio of alternators by the use of continuous and quick-acting 
voltage regulators; reduction of generator set inertia by use of 
perfected speed regulators; reduction of the surge chamber sec¬ 
tions of hydro-electric installations by use of voltage and speed 
combined control, etc.). 

In the same way, improvement of the quality of control can 
reduce the safety margins usually adopted for tiie choice of the 
plant characteristic parameters (for example in the case of the 
boilers of thermal power stations). 

We would stress the improvements that may be expected 
from a coordinated study of the main equipment and of its auto- 
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uses of either analogue methods or numerical methods. There 
are often advantages to the simultaneous use of both these 
methods, which it would be ridiculous to neglect purposely. 

Advantage of Automation 

In addition to the possibilities of directly improving the qual¬ 
ity of service by reducing the risk of service cuts and of voltage 
and frequency variations, use of automation has made possible 
the large-scale development of network interconnections which 
has considerable tecluiical and economic advantages (regulari¬ 
zation of the load curves, possible reduction of the revolving 
reserves). Furthermore, in many cases the investment cost of 
production and transmission installations can be reduced by the 
me of perfected automatic equipment. 

It is often possible to obtain the same static and transient 
performance with a large size installation without a regulator, 
or equipped with very simple regulators, and with a much smaller 
installation fitted with complex regulators. As the economy re¬ 
sulting from a reduction in size far exceeds the extra cost of the 
regulator, automation sometimes greatly reduces the overall cost 


mation at the time of planning the construction. Notable changes 
in equipment structure could result from the perfecting of opti¬ 
mum overall equipment and not from the juxtaposition of an 
optimum main equipment and an equally optimum control 
equipment. 

We would also mention the interest of logical automatic tech¬ 
niques, which are being developed at present in conneption with 
the reduction of the risk of serious incidents and faulty handling 
on very complex installations. 

Possible Development and Conclusions 

Use of automation on networks is thus already very much 
developed and appears to justify the opinion expressed at the 
beginning of this paper that the electrical industry is at present 
the most automated industry in the world. However, this auto¬ 
mation is not complete. Apart from the generalization of the 
latest techniques on thermal power station control and economic 
dispatching in its present state, can further extension of network 
automatic command be anticipated? May ^e expect to see^ one 
day, very large networks commanded from a central station 
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without any other human interference ? Such a solution no longer 
seems to belong to a technical Utopia. 

Already on certain networks the automatic adaptation of the 
active power production of the main generators depends on a 
central station. Already in certain power stations the stopping 
or starting up of a hydro-electric set or even of a thermal set is 
obtained by simply switching a contact. Already studies are be¬ 
ing carried out which should perfect the practical methods of 
determining the best times of generator stopping and starting up, 
the best structure of networks, the optimum economic distri¬ 
bution, both of the active powers and of the reactive powers, 
and such studies take into account the various security require¬ 
ments demanded at present, which appear necessary for operation 
control. 

Theoretically, a logical computer which, on the occurrence 
of an incident, can take, according to strict pre-set rules, the 
decisions necessary to the power stations and to the networks, 
is not impossible. 

Under these conditions we can seriously anticipate, for a not 


too distant future, the generalized automatic operation of large 
electrical networks according to the principles summarized in 
Figure 10, 

However, the economic advantage of such a solution would 
first have to be studied, and we are not certain that, in present 
economic conditions, this generalization of automation is justi¬ 
fied. Already, with regard to thermal power stations, integral 
automation is not clearly economically profitable. The consider¬ 
able development of telecommunication links required for the 
total automation of a network could be an extremely heavy ex¬ 
pense. 

Furthermore, security is so important in this industrial pro¬ 
cess that, before taking such a consequential decision, it would 
be necessary to be sure of the perfect quality of automation and 
telecommunication equipment and of the validity of the meth¬ 
ods in question. Consequently, we may expect considerable 
time to elapse between the moment at which the total automation 
of a network is technically possible and the moment at which it 
is used for the first time. 
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Sommary 

This paper gives a short description of the development of power 
engineering of the Soviet Union and shows the necessity of using 
cybernetic methods for the control and planning of power systems 
under development. 

A review of the methods of application of cybernetic methods to 
specific problems of electric power engineering has made it possible 
to formulate the subject matter of a new study discipline, Cybernetics 
of Electrical Systems, and to outline directions of its development. 

This discipline consists of a number of sectors that have been 
studied in detail, including problems of probability theory, physical 
and mathematical simulation of power engineering facilities and 
systems as a whole, the methodology of conducting experiments, and 
information theory specially adapted for electrical systems. The last 
sections reviews the overall approach to the creation of regulators and 
control devices of cybernetic types, and formulates the needs and 
conditions of work. 

The paper not only provides a general posing of questions and 
contains the contents of the above-mentioned new discipline, but also 
gives concrete examples of tasks already solved, the technical contents 
of which are based on cybernetic methods, which give important 
results in practice. 

Sommaire 

Ce rapport donne une br6ve description du d6veloppement des r^seaux 
d’^nergie en Union Sovidlique et montre la n6c^it6 d’utiliser des 
mdthodes cybem6tiques pour le contrdle et la planification des r6seaux 
d’dnergie en cours de d6veloppement. L’examen des m^thodes cyber- 
n^tiques utilises dans ce domaine permet de formuler les lignes 
directrices de cette nouvelle discipline que Ton peut appeler Cybern6- 
tique des Rdseaux Electriques. Cette discipline comprend un certain 
nombrc de secteurs qui ont 6t6 6tudi6s en d6tails: probl^mes relatifs k 
la th6orie de la probability, simulation physique et mathymatique des 
ryseaux et systymes yiectriques, mythode d’organisation des expyri- 
mentations, et thdorie de I’information appllquye aux systemes yiec¬ 
triques. La derniere section examine le probldme gynyral de cryation 
de rygulateurs et d’yiyments de commande du type cybemytique, et 
formule les besoins et conditions du travail. 

En plus des aspects thyoriqiies, ce rapport dycrit ygalement des 
exemples concrets rencontrys dans la pratique. 

i 

Zusammenfassung 

Dieser Beitrag beschreibt kurz die Entwicklung der Kraftwerkstechnik 
in der Sowjetunion und zeigt die Notwendigjceit fur die Verwendung 
kybernetischer Methoden bei Steuerung und Planung neu zu errich- 
tender Kraftwerksnetze auf. 

Betrachtet m^ die Anwendungen der Kybernctik auf besondere 
Probleme der elektrischen Kraftwerkstechnik, so kann man den Be- 
reich einer neuen Fachrichtung „Kybemetik elektrischer Systeme“ 
abstecken und ihre Entwicklungsrichtung andeuten. 

Diese Fachrichtung umfaBt eine Anzahl von schon vorhandenen 
Disziplinen, darunter Probleme der Wahrscheinlichkeitstheorie, 
physikalische und mathematische Nachbildung von Kraftwerksein- 
richtungen und ganzen Systemen, die Versuchsplanung und die In- 


formationstheorie elektrischer Systeme. Die letztgenannte Unterdiszi- 
plin befafit sich allgemein mit dem Entwurf kybernetischer Regler und 
Steuerungsgerate und formuliert deren Funktionsbedingungen. 

Dieser Beitrag enthSlt daneben auch noch konkrete Beispiele be- 
reits gelSster Aufgaben, deren technische Eigenarten auf kybemeti- 
schen Methoden beruhen und die bereits wichtige Ergebnisse erzielt 
haben. 


The rapid development of power engineering in the Soviet 
Union, the planned expansion of electric power production to 
2,700-3,000 billion kWh by 1980, the construction of electric 
power lines of various voltages several million km in length, and 
the creation of an integrated electric power system of the Soviet 
Union with a high degree of automation of its operations, all 
make it imperative to utilize new methods of analysis and 
synthesis and new methods and means of control, and to create 
cybernetics for electrical systems. Cybernetics is the science of 
purposeful control in complex systems irrespective of their 
physical natures. Cybernetics opens up vast possibilities for the 
scientific development and practical solution of problems of 
control in all highly complex electrical systems on the basis of 
overall rules and methods of research. 

In an electrical system, the interaction of controlling and 
controlled elements should take place in conformance with a 
certain algorithm utilizing information received over various 
communication channels. This organized system interacts also 
with an external medium, which creates random or systematic 
interference. Feedback is used on a large scale in the control 
of an electrical system. All of this is characteristic for the 
problems handled with cybernetics. 

In modem methods of studying electric power systems, one 
of the greatest deficiencies is the divergence of methodology for 
doing research on various aspects of functioning systems. This 
deficiency of the science of modem power engineering can in the 
future become a serious obstacle to its development. Cyber¬ 
netics, which systematizes and absorbs approaches to the study 
of processes in various systems and finds common points among 
them, determines the direction of methodological and practical 
synthesis. For this reason, this is the right time to pose the 
question of applying specific methods of cybernetics to the 
solution of problems arising during the planning and operation 
of electrical systems^. 

The basic task of cybernetics of electrical systems is the 
observation of general principles of operation of an automated 
electric power system and its traits with realization of control¬ 
ling algorithm which provides optimum indexes of operation 
quality, both from the aspect of economic feasibility and from 
that of quality of the power produced and the quality of supply¬ 
ing the consumer with it. In this regard, as shovm in the dia- 
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gram in Figure 7, operating schedule reliability and the relia¬ 
bility of component elements of the system are figured in the 
scope of the term quality. 

The development of machines, equipment, and regulators, 
the design of automatic control installations, and the transmission 
and processing of information, along with protective systems, 
are not included in the cybernetics of electrical systems, even 
though they have bearing on their overall circuitry and the 
analysis of their operations. Thus, irrespective of the apparent 


all-embracing nature of the definition given above, the cyber¬ 
netics of electrical systems has a rather sharply defined group 
of questions (Figure 2). 

An important task of cybernetics is to develop the methods 
of analysis and synthesis of characteristics of the components 
of electrical systems and to obtain the kind of physical 
concepts and mathematical description of the function of the 
systems that can use information available in practice as a basis 
for finding the optimum conditions of system operation as a 



Figure 1, Interconnection of individual indices in the complex evaluation of the quality of operation of an electric power system and servicing of 

the electric power consumers 



Figure Z Constituent indices of the cybernetics of electric power systems and the interconnections among its basic sectors 
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whole, both with respect to detennining the system’s operating 
regimes and its transient performance. For this the specific 
definition of the physics of the phenomena is carried out in some 
cases with the use of the similarity theory and by simulation. 
Solution of the task is done with the application of algorithms. 

The application of algorithms means, first, the mathematical 
description of the processes for the purpose of formulating their 
common rules, which are determined by complex study using 
the method of physical and mathematical simulation and natural 
research, and secondly, through the formulation of common 
methods of solving problems (on simulatoi's and digital machines) 
for determining the desired structure, parameters, and regimes 
of the system. 

It is difficult to over-estimate the role of the development of 
methods of applying algorithms carried out on a sufficiently 
broad scale. At present, the possibilities of computer technology 
of discrete operation and of methods of simulation should be 
utilized as more than a mere auxiliary supplementary means 
of research. These methods should be made the basis of the 
renovation of the methods of analysis themselves, which are 
used in the solution of engineering problems. 

The use of modem computer and simulation equipment with 
old methods of analysis means not only a failure to use such 
equipment at full capacity, but also complete failure to find any 
way of applying it This is why the application of algorithms, 
which covers the compilation of equations of physical pheno¬ 
mena in various processes, the determination of the order of 
computation, the indications of logical operation limitations, 
etc., for the purpose of obtaining the fullest possible solution 
of problems, is of primary importance in the development of any 
branch of modem natural and technical sciences. 

The similarity theory and the simulation of electrical 
systems is linked to the work of creating principles of automa¬ 
tion of production processes. The development of simulation 
travels in various directions. For electrical systems, the develop¬ 
ment of methods of incomplete physical simulation, which 
reproduces the occurrence of processes only in time or only in 
space, and of full physical simulation, which reproduces the 
processes under study both in time and in space, is of great 
importance^. It is also a good idea to utilize mathematical 
simulation, both analogous and structural, in which more 
attention should be given to problems of matching structural 
and analogous models; for example, the combination of simulat¬ 
ing machines with the a.c. calculation panels. 

The cybernetics of electrical systems stimulates the develop¬ 
ment of simulation with the aid of digital differential analysers, 
which should be regarded as simulation devices of a special type. 
This type of simulation, which combines elements of digital com¬ 
puters and characteristics of continuously operating machines 
(analogue computers) should justify themselves in a number of 
problems where no great accuracy of answers is required and 
where programming, and equipment used for universal digital 
computers, turns out to be exceedingly complex. 

The problem of simulating electrical systems by means of 
the data of their normal operation is becoming of great impor¬ 
tance®. In line with the creation of models of this type, a number 
of research projects are already imder way^ and must be guided 
along the proper directions wiffi aid given to ffieir development. 
This research should form the basis of methods of determining 
the dynamic characteristics of objects iinder normal operating 
conditions with normal natural interference, and with the 


creation of special installations which give the system harmless 
test pulses. Research on simulating random processes in 
electrical systems is also necessary. 

The determination of the dynamic characteristics of electric 
power systems by these methods of simulation must have an 
overall logical scheme, differing essentially by the algorithms 
of hunting the values of the parameters of the model: undeter¬ 
mined algorithms (random hunting), incompletely determined 
algorithms (determined hunting, but random preliminary 
values), and fully determined algorithms. The basis of the 
above-listed tasks of cybernetic simulation of electrical systems 
is composed of the following^: 

(a) Similarity theory of electromagnetic and electromechan¬ 
ical phenomena, which makes it possible to acquire experimental 
data and to cut down the number of transient processes which 
are variable in their mathematical depiction. Similarity theory 
links mathematical and physical simulation of phenomena with 
experimentation and makes it possible to undertake the applica¬ 
tion of algorithms using the experimental data by the best 
means possible. 

(b) Methodology of carrying out a natural and a simulated 
experiment is needed for greater knowledge of the nature of the 
phenomena occurring in electrical systems and for determining 
the interaction of individual elements and systems of these 
elements with various automatic control and relation devices, 
in order to check the functioning of newly-developed instruments 
in the system and, what is most important, to define more 
precisely the mathematical depiction of their Actions. 

(c) Methodology of mathematical simulation makes possible 
the rapid reproduction of the variety of interaction of various 
elements of automatic regulation systems in conformity with 
the hypotheses found in the mathematical depiction of pheno¬ 
mena. Along with physical simulation, mathematical simulation 
makes possible a more effective reception of characteristics and 
descriptions of functioning of systems, which are adequate for 
the physics of the phenomena and suitable for practical problems 
already assigned. 

It should be noted that the cybernetics of electrical systems 
should in no case be oriented merely toward high-speed dis¬ 
crete computation electronic computers. 

Any systems of regulation, with uninterrupted or discrete 
devices, which solve the tasks of purposeful regulation and have 
automatic self-modification of their parameters in conformity 
to the type and magnitude of disturbance, should be considered 
akin to cybernetic systems. 

Cybernetic regulation of an electrical system cannot occur 
without information on the system’s functioning. Information 
theory should be used for specific problems of operation of 
electrical systems located within large areas and composed of 
a great number of elements, in which case, the operating re¬ 
gime of the systems requires a balance of generated, converted, 
and consumed electric power at desired qualitative levels each 
instant of time. Information in such systems should satisfy the 
most rigid conditions with regard to the capability of obtaining 
the quantity and quality of information transmitted. 

The most important thing in this case is the question of the 
minimum amount of information necessary for the regulation 
of the system’s operation, and the reliability of transmitting and 
coding this infonnation for solving these and other cohcrete 
problems for the regulation of electrical systems. This concerns 
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the problems of assuring the necessary transmission capacity 
of the information transmission channels and for communicating 
a quantity of information with a probability of making contact 
and with a capability of withstanding interference. In this section, 
disturbances occurring as random with a basic effect on the 
system’s operation, which are sometimes decisive, should be 
studied. 

To illustrate the above-noted cases with concrete examples, 
certain specific problems already encoxmtered in electrical 
systems are now reviewed: 

(1) The obtaining of information on the regularity of disturb¬ 
ances and fluctuations of the operating regime which occur in 
electrical systems. 

An electrical system constantly undergoes changes in load 
and other disturbances of a random nature, which cause 
fluctuation of voltage and frequency and changes in the power 
currents flowing in the interconnected lines, along with changes 
in the consumption of power by the load. These fluctuations of 
an electrical system have a decisive significance for the establish¬ 
ment of reserves of stability of automated systems and for 
setting up specifications for the devices used to regulate 
frequency, voltage, and power flows in the interconnected lines. 

In reviewing the given group of problems, such as the role 
of the cybernetics of electrical systems, an engineer should 
mainly concern himself with determining the rules of the sys¬ 
tem’s fluctuations. Information on these fluctuations should 
be broken down into characteristic groups; its minimum nec¬ 
essary quantity should be determined along with methods of 
converting and transmitting this information to cybernetic 
regulation and system control installations. 

(2) Receiving information necessary for the economic 
distribution of produced power among the stations of a system 
(planned and operational information). This task is analogous to 
the preceding one with the difference that the reception of the 
minimum necessary information on the system’s operating 
regime (loads, power stations and networks parameters) should 
be used for determining such active and reactive powers as may 
be produced by the stations of the system, and for selecting the 
design of the generating apparatus so as to have the minimum 
overall cost of all power supplied to the consumer and to supply 
him with the power of the quality he needs—^in the first approxi¬ 
mation of the evaluation of qudity. 

(3) The reception of information for providing the quality of 
electric power, in the second approximation of the evaluation 
of quality, and, in connection wii the solution of this problem, 
the regulation of frequency and voltage in systems and power 
pools composed of interconnected systems. The automatic 
maintenance of frequency and power current flow should be 
done in such a way as to use existing equipment and operating 
regimes of systems to the optimum. For this purpose informa¬ 
tion must be used as shown in (2). This information is processed 
in cybernetic control and regulation installations which influ¬ 
ence the proper servo-mechanisms, without which the task of 
cybernetic control of a system’s regime could not be solved. 

(4) The reception of the necessary information on the begin¬ 
ning and duration of breakdown processes. Regulating installa¬ 
tions of the cybernetic type should not merely regulate one or 
another parameter of the operating regime in conformance with 
changes in the regime of the system that happened in the past, but 


should evaluate the possible future change in regime and predict 
the nature of its passage. For all cybernetic installations, the 
problem of receiving the necessary information in a sufficient 
quantity is a decisive one. 

It is noted that cybernetic traits are already present in a 
number of modern regulators, which are discussed in detail 
below. In particular, this concerns the high-power excitation 
regulators, which react to the speed and acceleration changes 
in regime parameters, but not to the changes themselves alone®. 
In using these regulators in a complex system, the question 
arises: What limitations of information should be kept in view 
in the designing of regulators. For example, the highly effective 
regulation of excitation of generators with the use of the first 
and second time derivatives of the angles of divergence of the 
electromotive forces of the transmitting stations and the 
receiving system, i.e., according to the slip and acceleration of 
machines. However, it is always possible to find this angle in 
a complex system. Furthermore, if the angle is found, the 
question arises of how to transmit it: what effect will mistakes 
in tele-transmission have; what effect will short or long disrup¬ 
tions in transmission have; what should the accuracy be? 

It is understood that similar and even more complex questions 
arise also with other methods of regulation and control. For this 
reason, the establishment of a method of receiving and trans¬ 
mitting the necessary information plays a prominent role in the 
cybernetics of electrical systems. 

Cybernetics of electrical systems must provide means for 
determining the optimum technical and economic solutions for 
the national economy, and for finding the minimum technical 
and economic information needed for the long-range planning 
of electric power systems, for calculating the plans for their 
development, and for operating them. In long-range planning, 
a large number of variants of electric power supply of regions, 
countries, and international power unions are calculated. 

Information forming the basis which should be used for 
making such calculations is very extensive and multifaceted. 
In many cases this information is of a probabilistic nature and 
has substantial interrelations, which are true to the nature of a 
complex system. Even such a comparatively simple and apparent¬ 
ly particular problem as the calculation of a city or industrial 
network requires the application of probability theory®. The 
summary load of such a network is a random value, and a 
change in its momentary values, maximum values and their 
coincidences, and average values is nothing more than a random 
process. In calculating a network, attention should also be given 
to competitive factors, which, for example, reflect the dynamics 
of change of resources of non-ferrous metals in the country during 
the period of time imder study. 

The calculation of electric power at the time it is supplied 
to the consumers, who are very numerous in the network, should 
take place on the basis of the limit theorem of Liapunov. 
Modem methods of calculation striving mainly for the ‘engineer¬ 
ing simplicity’ of calculated formulae make grievous errors. 
A conversion to methods of analysis, which make allowance for 
the above-mentioned complex interrelations and for decreased 
error (i.e., approximation of the optimum value) for instance of 
10 per cent in calculating the cross-section area of conductors, 
makes possible, as rough calculations have shown, to save on 
non-ferrous metals by 25 per cent, and to effect a cut of at 
least 15 per cent in the installed capacity of transformers. 

These figures were obtained for industrial plant and city 
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networks. If high-voltage long-distance transmission lines 
and rural networks were added, these results would be even 
more striking. Of course the development of a cybernetic 
installation for giviiig the actual optimum solution of the problem 
of selecting the optimum arrangement of an electrical network, 
and the optimum cross-section of its wires, needs proved initial 
premise of the price or cost of metal and power and the possible 
limitations^ The science of socialist economics is capable of 
giving truly objective indicators of the effectiveness of capital 
investment suitable for practical application. Only by this 
method can cybernetics produce a complete solution and 
indicate the actual national economic optimum. However, even 
the possibility of increasing the number of calculated factors and 
the acceleration of computation gives a definite effect. 

A much more extensive problem is now touched upon, 
that of locating planned thermal electric and hydro¬ 
electric power stations on the territory of the U. S. S.R. 
Solutions being tackled at present will never cover the problem 
as a whole. They are usually based on the use of the concept of 
substituting’ vari^ts and assume that to find the optimum 
solution it is possible to compare the propose variant with 
another, sometimes fictitious, variant used as a secondary 
variant. Of course from some of the ‘substituting’ solutions it is 
practicaUy impossible to select the actual optimum solution. 
The selection usually is of a subjective ‘volitional’ nature and 
sometimes leads to gross errors. A way out of this situation 
K found m approaching the selection of truly optimum variants 
by startmg with the determination of available and future 
resources of the country among the branches of the national 

economy and branches of power engineering connected with 
these. 

Modem capabilities of cybernetics supplemented by the 
dewlopmrait of solutions of economic problems, with the use 
of high-speed computers, will make it possible in the near 
futoe to set up and solve such an overall problem, and in 
addition, individual tasks. Thus, for example, the problem of 
selecting such ways of developing electric power systems that 
money allotted for operation and construction would provide 
for the greatest possible increase in growth of electric power 
with the least possible consumer cost, could be solved with the 
aid of modem computers and cybernetic methods. An inten- 
sifimtion of the utilization of these, plus the development of 
methods for obtaining the needed information for them is 
entirely necessary. 

In planning electric power systems as a whole it is nec¬ 
essary to specify a number of indicators: power and load 
curv^, distribution of power in an electrical system with 
Mnsideration for the hypothesis of development by stages, etc. 

To sdect a locality for the constmction of an electric power 
Staton, the possible variants of its position and hunting data 
should be indicated. On the basis of this and other supplementary 
mfo^tion and &e use of a computer, the optimum soluton 
^n be found, which will conform to those indicators which will 
be accepted for the evaluation of the selected variants. Research 
^t ^ possible to find the specific capital investment per 
mstalled kilowatt at the power station and per kilowatt trans- 
° expenditures for the production of 

1 kWh of power, the number of hours of utilization of installed 
capacity, the cost of wasted power, etc. should be determined 
From a pmely mathematical aspect, minimization of lineal 
or non-Iinear functions of a number of independent variables in 


the solution of the problem of finding the optimum development 
of an electric power system is wholly feasible; however, the 
development of the indicators themselves requires technical- 
economic research, which should concern not only power 
engineering Questions alone, but the entire national economy as 
a whole, including research and study of the details of the 
development of the consumers of electric power. It would be 
possible to give an infinite number of examples showing the 
necessity for receiving information, and, to use such information 
on the basis of its cybernetic processing to find one or another 
rule in the power systems; however, this paper is deliberately 
limited to what is available. 

The modern theory of regimes of automatically controlled 
electrical systems and the theory of interaction of elements of 
a complex automated power system should apply to the study 
of methods of such a use of information that would provide the 
optimum operating conditions of a self-adjusting cybernetically- 
controlled system. The cybernetics of electric power systems 
should provide for the optimization of the regime of an electrical 
system and for the creation of the means for realizing these 
optimum regimes. 

In cybernetics practice, such as in the operation and planning 
of electrical systems, methods of the probability theory and 
dynamic programming should be utilized. The immediate task 
of this section of cybernetics of electrical systems is the develop¬ 
ment of a structural scheme of electrical systems as a whole 
based on a single approach and including all elements producing 
electric power, transmitting and distributing it; regulators 
acting on the excitation and on the prime mover, and installa¬ 
tions for improving the regime. Here should also be included 
the development of schemes of regulators, which change their 
parameters and setting with respect to the present condition of 
a regirne and what will happen in said regime in the future, as 
determined by the computer devices of these cybernetic 
installations. 

The cybernetics of electrical systems solves this group of 
problems on the basis of analysis of the structural schemes of 
electrical syste^ and their regime, and makes it possible to find 
metho^ of building regulating and control devices on the basis 
of continuous or discrete computers. These devices evaluate the 
changes in a regime and after finding the optimum conditions 
for Its activity, produce self-adjusting parameters. Installations 
for controlling the distribution of loads among stations of 
electric power systems can serve as examples of cybernetic 
devices. These installations should receive the necessary 
•information from the system, process it, and, in conformance 
with the established criteria of economic feasibility, at the same 
time counting other operational indices, for example, opera¬ 
tional reliabili^, stability, etc., should produce the optimum 
figures and transmit them in the simplest case to the dispatcher 
of the system. In a more complec case (more highly developed) 
they should produce and send control commands to the proper 
devices controlling the machinery of the stations, and also the 
switching equipment of the network, the transformers, and the 
generators. 

The final goal, the full optimum cybernetic control of the 
system, cannot be achieved very rapidly, however, since at first 
It has to undergo gradual stages of development. Such a 
developrnent is shown in Figure 3, where in case (a) a person 
receives infoimation on the condition of the system’s elements 
(continuous line), feeds the programme and data into the com- 
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puter M, receives the results of the solution, and on the basis of 
the solution takes one or another action, feeding a command 
(broken line) to the system’s elements, and in this way causing 
f(%dback. In case (b), the machine partially receives information 
directly from the system, and in case (c), it receives all informa¬ 
tion in toto and not only consults the engineer of the control 
system, but also does part of the operations itself. In case (d), 
all functions of obtaining information, processing it, and giving 
control commands are transferred to the machine; a human 
being merely has the functions of developing and feeding 
programmes and tending the machine. Control in this case 
becomes entirely cybernetic. One of the important tasks of 
cybernetics of electrical systems is the realization of the 
optimum combination of ‘man and machine’ on the above- 
mentioned stages of development of control. In this connection, 
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Figure 3, Stages of gradual transition to cybernetic control of an electric 
power system: (a) The machine is a consultant for man; (b) The same 
with the partial feeding of data directly into the machine; (c) the same 
with the feeding of all data into the machine and partial control of the 
system with the use of the machine; (d) complete cybernetic control 



Figure 4. Time (in sec) needed for the operation of a computer for 
controlling an electric power system: (1) Load distribution in a simple 
system of three stations [scale (a)]. (2) Load distribution in a complex 
system of five to seven stations (scale (a)!, (3) Control of the operating 
regime of the system in a transient process [scale (b)] 


research in the held of ‘engineering psychology’ has already 
started. In this research, much attention is given to conditions 
of work of the personnel of electric power systems^. 

To solve the problems of distributing the load among the 
stations in a stable or slowly changing regime, successful use can 
be made of both high-speed digital computers and continuously 
operating types of machines. The use of digital computers for 
calculating stable or slowly changing regimes of power systems 
does not pose any difficulties with regard to the provision of 
high-speed work during control operations (Figure 4), However, 
it would be incorrect to think that cybernetic control and regula¬ 
tion in electrical systems can be achieved only with the very 
high speed of the computers which are utilized. It was noted 
previously that cybernetic regulators in their simplest form 
have already appeared in our systems. The appearance of such 
regulators, naturally, is the result of the gradual development 
of various types of regulation, a development during which the 
features of another more progressive type of regulation are 
gradually introduced into one type of regulation. In the table 
given in Figure 5, characteristic curves are given of the develop¬ 
ment of methods of regulating electrical systems. This primarily 
refers to regulating the excitation of synchronous machines; 
however, the same can be fully applied to other regulating 
devices, such as frequency regulators, speed regulators, etc. as 
examples. 

The cybernetic features of an excitation regulator are dwelt 
upon in some more detail. Assume, that regulation takes place 
according to the displacement angle of the rotor 6. If the 
regulator reacts to a deviation of the displacement angle Ad 
[Figure 6 (n)], then its effectiveness is comparatively small; 
however, if the time derivatives of angle d are introduced into the 
regulation law [Figure 6 (6)], then the regulator will react to 
them and will receive in effect the ability to foresee the flow of 
the operating regime and to become a highly powerful acting 
regulator having the traits of a future cybernetic regulator. 
The addition of a high-speed computer [Figure 6 (6)] converts 
the regulator into a cybernetic device searching for the optimum 
conditions of operation, and makes it possible to have fore¬ 
casts of the process not on a short-range, but on a long-range 
basis. 

Interest is also shown in the solution of cybernetic control 
problems by automatic regulators with ‘memory’ devices, which 
make it possible to introduce the function of the derivative of 
angle d (Figure 7) without tele-transmission. This is equivalent 
to the dependence on the slip and acceleration of machines, or on 
the vector of the network voltage at a fixed point relative to the 
axis of the reading, which rotates with a synchronous speed of 
the original uninterrupted regime, converting during the regulat¬ 
ing process to the synchronous speed of the newly established 
regime. In Figure 7 (a) is shown the structural diagram of the 
measuring unit of this type for an automatic high-power 
excitation regulator®. Figure 7 (b) shows the structural diagram 
of a measuring block of this type for an automatic regulator of 
ion converters of highly power-consxuning industries, and other 
consumer facilities®. This kind of re^lator is designed for 
increasing stability and attenuating variations of power systems 
in long-distance electrical transmissions by means of proper 
changes in the dynamic load curve. This is a basically new type 
of cybernetic control in a power system in which not only the 
generating installations and transmission system are the objects 
of control, but the consumers of electric power as well. 
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Figure 5. Past and impending development of types of automatic regulation in power systems 



Figure 6, Juxtaposition of the principles of automatic regulation of 
excitation of a synchronous generator in an electric power system: (a) 
Regulation by ^iation of voltage and angle (simple regulation); (b) 
Regulation by deviation of current, angle, and its derivatives (complex 
regulation); (c) Regulation with the aid of automatic digital computer 
' (cybernetic regulation) 
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Figure 7. The structural diagrams of automatic regulation with * memory' 
devices: (a) Regulation of excitation or speed of synchronous generators; 
(b) Regulation of ion converters for changing dynamic characteristics 
of the load of the power system 
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It should be noted that the long well-known successful 
utilization of ‘memory’ devices for automatic oscillographs for 
the purpose of recording pre-breakdown operating regimes is 
achieving a rebirth in the cybernetic control systems of electric 
power systems. Another example of a regulator with cybernetic 
traits which has been put into practical use is the excitation 
regulator of synchronous motors, which was made in the 
U.S.S.R. This regulator is a passive self-adjusting regulator 
without active hunting for its optimum setting^®. 

Under normal voltage level of the network, a regulator 
should maintain unchanged the power factor of a motor, which, 
for example, equals a unit, thus providing for the most 
economically feasible operating regime of the motor. When the 
voltage is lowered the regulator should increase the excitation 
of the machine in conformance with the desirability of main¬ 
taining a constant voltage of the feeder circuit, thereby increas¬ 
ing the reliability and quality of the electric power supply of 
other fellow consumers. When the maximum permissible value 
of rotor voltage or stator current is achieved, the regulator 
should automatically convert to the stabilization of these 
parameters for the purpose of averting overloads of the respective 
networks. Limitation of the stator current when needed can 
be carried out with a time delay so as not to obstruct the 
momentary boosting of the excitation, which is carried out by 
a regulator with decreasing of the voltage of the feeder circuit for 
increasing the stability of the system and the motor. When 
circuit voltage is raised higher than normal, the regulator should 
lower the excitation until the desired power factor is attained 
without permitting the kind of de-excitation of the motor that 
would cause the motor to desynchronize. This rule of regulation 
is a programme of self-adjustment of the regulator. The first 
basic part of this programme stabilization of the power factor 
of the motor with the calculation of the voltage level of the 
feeder circuit can be carried out by a system with a self-changing 
setting; the second part of this programme, the introduction of 
limitations, can be carried out by a system with a self-changing 
structure. 

The system of control is composed of four main units, which 
correct the power factor, the circuit voltage, the rotor voltage, 
and the stator current {Figure 8), Operating experience has also 
shown that the regulator described above increases the opera¬ 
tional stability of synchronous motors and facilitates their resyn¬ 
chronization when they become desynchronized. The short- 


. stated considerations concerning the necessary development 
of a mathematical description of a complex regulated or 
cybernetically-controlled electrical system should be extended. 
Two features are evident here. First is the great complexity of 
the system, which contains practically a limitless number of de¬ 
grees of freedom, reflectmg its complex internal connections. In 
developing methods of analysis, it is necessary while maintaining 
the basic properties of the system as a whole, to reject the super¬ 
fluous stages of freedom and to simplify the computation 
system; otherwise, its analysis will be impossible even with the 
application of extremely suitable high productivity computer 
equipment. Second is the presence in the electrical system of 
probability processes which markedly influence the nature of 
the operating regimes and their technical-economic evaluation*. 

The fact that control and regulating devices should be 
included in the circuitry of a system in the form of an integral 
part and as a single whole is essential in the mathematical 
description and compilation of a structural diagram of a system. 
In this connection, it is necessary to obtain new equations and 
to devise structural diagrams for representation of an automatic¬ 
ally regulated machine and a regulated system. In these 
equations and diagrams, consideration should be given to the 
possibilities of modern computer technology; therefore, the fact 
is not excluded that in a number of cases they should be based 
on new principles. For example, it will be possibly feasible to 
reject the method of two reactions in the theory of synchronous 
machines in studying electrical systems and to convert to the 
forms of setting up equations which would have periodic 
coefficients. 

The further development of the cybernetics of electrical 
systems requires a sharper definition of the mathematical 
depiction of the operating regime of a system from the aspect 
of technical-economic indices. Without this finer definition, and 
without the estabishment of criteria of the technical-economic 
optimum the capability of digital computers and cybernetics 
cannot be used^^. 

* At iirsti progress with regard to application of probability methods was very slow. 
The first criteria of reliability was the computed probability of the fact that power of 
switched-oif generators would not exceed the reserve power daring the period of peak 
load. The method of computation was developed and methods were found which 
connect the probability of emergency circuit breaking and the duration of the peak, 
and even began to determine the probability of insufficient output of electric power, 
etc. At present, the use of probability methods has reached such a state of develop¬ 
ment that they can be a genuine working tool. However, a large number of unsolved 
problems make a continuation of research urgently necessary, especially the setting 
up of studies on simulators. 



Figures. Structural diagram of an automatic regulator of the excitation of t^h-power synchronous motors 
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An overall analysis of the work of a system, and an analysis 
of the distribution of the load among the stations of the system, 
makes it possible to arrive at conditions under which costs of 
power supplied to the consumer wouM be the lowest possible. 
The development of such an analysis in the form of methods of 
incremental costs (specific savings) or methods of direct testing 
(Monte Carlo) or the ‘gradient methods’, for the purpose of 
determining the regime most economically feasible is a task that 
must be solved before any other. However, having equations of 
transient processes, which make it possible to determine how 
the process is going along from both a qualitative and quantita¬ 
tive aspect in case of any disturbance, and equations for deter¬ 
mining the operating regime that is optimal according to 
economic indices, there would still not be enough information 
for the optimal control of a system. 

In a system’s operation, along with low cost, provisions 
should also be made for the quality of power and the operational 
reliability of the system as a whole, including the operational 
reliability of regulating and control devices. For this reason, an 
obligatory condition for the realization of cybernetic control 
should be the establishment of criteria of the operational 
quality of a system. The quality of the electric power is charac¬ 
terized by two indicators: maintenance of stable voltage for the 
consumer, and stable frequency in the system or in its individual 
unified sections. Of the criteria of quality of voltage, the most 
promising is the use of the integral criterion proposed by Ayre^^. 
This criterion evaluates the quality of maintaining steady voltage 
with the calculation of the amount, duration, and probability 
of its deviation. Instead of unproved ‘permissible deviation 
limits’, this integral criterion makes it possible to determine the 
probable time of operation of a network with various devi¬ 
ations. 

The quality of network voltage can be approximately 
evaluated with the use of special integrating devices, which 
measure the above mentioned criterion. An analogous integral 
criterion can be proposed also for the evaluation of the main¬ 
tenance of stable frequency. Thus, from direct measurements, 
which earlier had characterized the operating regime, one 
should now convert in an ever-greater degree to the measure¬ 
ment of indirect values, which characterize the work of the 
system with probability processes and interferences inherent 
in a cybernetic system. 

The new criteria should be considered as indices to be used 
for the regulation of a system. The resulting conditions of opti¬ 
mum' regulation should be found by calculating all indices of 
reliability and quality of the operating regime. A further im¬ 
portant task of the cybernetics of power systems will be, as one 
can assume, the creation of automatic self-adjusting devices, 
which provide the criteria discussed above. The development of 
these devices should take place side by side with the utilization 
of regulation devices based on the techniques of continuous 
mathematical machines. As for the first, from the aspect of 
cybernetics, high-power excitation regulators, which in the future 
will be developed into self-adjusting regulation systems [see table 
{Figure J)] have so far been very incompletely developed. 
As for the second, these are regulators and devices made with 
the use of digital computers. The optimum distribution of loads 
among the stations of a system or systems is done with the 
large-scale use of such machines. This kin^ of application of 
machines is still limited in most cases to the computation of 
optimum operation with the results of said comnuiations being 


given to a dispatcher. Further development should include the 
transmission of signals for the cybernetic control of a system. 

Difficulties appearing during the conversion from manual or 
semi-manual control of a system to automatic, and later on, to 
cybernetic control, are at present linked to the insufficient 
development of technical-economic indices of optimum operat¬ 
ing regime, the lack of transmitters for converting parameters 
of the operating regime for feeding into the machine, and an 
insufficient clarity with regard to which of these parameters 
should be measured for an exhaustive characteristic of the 
system’s operation. There is no doubt that these tasks will be 
solved in the near future. 

The following stage of research should be composed of the 
analysis of the possibility and feasibility of application, as noted 
previously, of extra high-speed machines for the optimum 
control of a system in the transient processes. Such control can 
be conceived: according to information received on the charac¬ 
teristic of disturbance according to changes in the para¬ 
meters of the operating regime the machine computes the 
future nature of the procedure of the process, and carries out 
one or another operation to provide for the occurrence of the 
process reflecting the desired criteria of optimality. A regulator 
with hunting will make tests, and, in accordance with the 
reaction of the system to these tests, should correct the settings 
of the control and regulation devices. Another approach is 
possible: for example, comparison with earlier computed 
typical circumstances, etc. 

The role of one or another type of machine for regulation 
will be determined by research and practical experience. A wide 
range of studies should be devoted to the analysis of the opera¬ 
tions of an electrical system as a whole, having at the same time 
various means of cyberrietic control: (a) with self-changing 
setting—^adjustment, (6) with self-changing programme or 
algorithm of operation, (c) with self-changing parameters and 
self-changing non-linear characteristics or conversion algorithm, 
and {d) with self-changing structure. 

A study of these tasks will lead to the creation of a general 
theory of automatically regulated electrical systems. It should 
be noted that the analysis of the above-mentioned systems should 
also include the determination of the necessary and sufficient 
conditions for assuring the stability of the regulated system, and 
if necessary, the conditions of non-variation of regulation in the 
face of various types of interference. 

Conclusions 

The problems which have been reviewed and certain par¬ 
ticular problems, which cybernetics of electrical systems should 
concern itself with, do not, of course, fully exhaust the substance 
of such cybernetics, and in many cases, can be a subject for 
discussion. 

The originality of the question makes it possible to regard 
what has been mentioned above as mere material for discussion. 
However, it is possible to insist that the branch of science 
of cybernetics of electrical systems should possess the charac¬ 
teristic features which have been noted in this paper. The 
concept of the continuity of methods of mathematical analysis 
and physical (natural and simulated) experiment outlined here is 
being proved by the entire development of practical application 
of regulation and automatic control of an electri^ system. 
Having at hand only certain possibilities of setting up experi¬ 
ments, it is possible to put into use quickly new cybernetic-type 
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devices now under development. Attempts at the juxtaposition 
of experiments and mathematical analysis and the proposal to 
eliminate experiments and simulation should be studied, and, 
conversely, it should be noted that ‘cybernetics of electrical 
systems’ provides for a synthesis of these methods. 

In the definition of the concept ‘cybernetics of electrical 
systems’ which is covered in this report, various well-known 
theoretical conditions are joined together, but this circumstance 
does not at all contradict the fact that with the use of overall 
ideas of cybernetics on the basis of these conditions, a single 
theory and a single scientific field are being created, and 
knowledge of electrical systems is being developed and being 
orientated toward its relationships with other branches of 
sciences, and toward a certain scientific synthesis. 
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DISCUSSION 


N. Cohn, Leeds and Northrup Company, 4901, Stenton Avenue, Phila¬ 
delphia 44, Pa., U.S,A. 

The three papers presented at the session reflect the high interest in 
many nations in seeking and achieving optimum performance of en¬ 
ergy conversion and distribution systems. Many questions have al¬ 
ready been asked of the authors and I have but one—somewhat more 
sophistical than specific—that I would like to address to authors Veni¬ 
kov and Tsukernik. A point that is not clear in their paper is their 
statement that ‘design of automatic control installations is not includ¬ 
ed in the cybernetics of electrical systems’. Perhaps the authors intend 
this exclusion simply as a matter of terminology. One might say, how¬ 
ever, that the analysis and studies that are undertaken to develop a 
method of cybernetic control of a power system gain force and mean¬ 
ing when control equipment is designed and installed and yields in 
operations the results obtained by the analytic studies. 

I think it is proper to place great emphasis on achieving practical 
operating installations to match the best available analytic studies. 
I would imagine that authors Venikov and Tsukernik place such 
emphasis on linking successful applications to sound theory, and I am 
curious about their reasons for excluding the design of a control instal¬ 
lation from the scope of their definition of cybernetics. 

It may be of interest in this discussion to comment briefly on some 
recent aspects of the progress made in the U.S.A. in the control of 
generation and power flow on interconnected power systems. Inter¬ 
connections in tlie United States have continued to grow in capacity 
and geographical extent. The country’s largest interconnected system 
has been extended to include all of the eastern seaboard and eastern 
Canada. Its capacity is now well in excess of 115,000 MW. There has 
been corresponding extention of the automatic control system. The 
company with which I am associated has built, or is in the process of 
building, about 30 large centralized computer control installations for 
simultaneous interchange control and economic dispatch. They reflect 
increasingly the predominance of ‘machine* and the minimizing or 
elimination of ‘man’ as exemplified by sketch (d) in Figure 3 of the 
Venikov-Tsukemik paper. 


Until now most of these installations have been of the analogue 
type, but additional functions have become possible by utilization of 
digital computers. These additional functions are included in the fol¬ 
lowing list of system functions: 

Economic dispatch and control 
Economy interchange evaluation 
Energy accounting 
Interchange billing 
Unit scheduling 
Area security checking 
Other system studies 
{a) Hydro coordination 
(b) loading curves 
Data logging 

Very recently the Detroit Edison Company has brought into opera¬ 
tion a 4,200 MW digital analogue system having seven stations and 
a munber of ties with adjacent systems. The general arrangement of 
these digital analogue computers is shown in Figure A. The digital 
computer automatically directs the operation of the analogue control 
system. In addition the digital computer is programmed to calculate 
regulating margins, factors of system security advantages, interchanges 
with adjacent utilities, and interchange billing. Also, timing and se¬ 
quence of generator scheduling and commitment to operation are 
calculated. 

Finally, another interesting installation, a seven state 6,000 MW 
16 station system, is being constructed for the American Electric 
Pow'er Company. A centralized digital computer with direct centrally 
located analogue assembly which will regulate directly, on an individ¬ 
ual generator basis over a 1,700mile microwave communication system, 
the 40 generators of the American Electric Power Company’s system. 

These installations will incorporate many interesting features, in¬ 
cluding extensive digital telemetering, and communication of the dig¬ 
ital dispatching computer to a large-scale tape-oriented IBM7074 com¬ 
puter which will handle accounting, billing, and other data processing 
work. 
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Figure A, Role of the digital computer for economic dispatch 


D» Ernst, Siemens-Sckuckertwerke A.O., Scharowskysirasse 2-4^ Er^ 
lartgen^ Germany 

The authors have given a remarkable analysis of the control problems 
in integrated power generation and distribution. There are indeed 
manifold correlations between the networks, the generators and prime 
movers and the consumers. 

The application of digital computers in this control field therefore 
requires close attention. In general, a properly designed control system 
has to meet three requirements: 

(1) To improve the quality of the supply of energy (voltage, fre¬ 
quency etc.). 

(2) To improve the economy of generation and transmission. 

(3) To provide safe reaction in case of faults and to restrict the 
harmful effects of drastic faults to a minimum. 

When a computer has to take over all these tasks, a number of 
problems arise, as follows. 

The Time Schedule Problem During the Design Stage 

Large plants are frequently built in steps over a number of years 
and there are always changes in the desigii and operational order from 
the first concept until commissioning. The computer programme has 


to grow along with the building of the plant and is also subject to 
changes: in practice there will be a time delay because the computer 
is not ready to operate when the plant is. 

The Priority Problem 

The sequence of computer action as laid down in the programme 
is following a standard operational schedule. However, there can be 
varying schedules, especially during faults; therefore, iht priority of 
actions has to be adapted to the many possible situations of the proc¬ 
ess. In practice, a multitude of priority lists have to be considered. 

The Reliability Problem 

In case of failures in the computer it is usually not justified to also 
shut the plant down. Operation, for example of a power station, must 
continue perhaps in a less automated mode. 

We feel that these problems can be overcome, at least to some ex¬ 
tent, when the automation and cybernetic control is based on in¬ 
dependent sub-loops. ’These sub-loops should be very well standard¬ 
ized and technologically organized. The computer should then control 
the many parallel operating sub-loop controls. Then, the hardware 
and software for the automation of a plant can be organically designed. 



Figure A, Cascaded control system for synchronous machines 
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There will be horizontal layers which determine the degree of auto¬ 
mation, as well as vertical ones which subdivide a plant and process 
into technological sections. Programming then becomes more logical 
and the flow diagrams are not so interacting with one another. 

In the case of control of excitation of synchronous machines, which 
the authors have dealt with in their paper, an example for the approach 
described here is given in Figure A. 

A cascaded control system here provides all means for the machine 
control. An inner loop is designed for field current control, the set 
point of which is given by a number of other loops for the control of 
voltage, rotor angle, reactive load, stator current limiting, etc. The 
computer would select the mode of operation of the sub-loop control 
system over the indicated selector device. In this way, the control 
system can be commissioned in steps and the computer programme is 
not burdened with all the information processing on the lower levels. 
Should the computer be out of service, operation continues with the 
sub-loops, less sophisticatedly, but the plant can still be kept in service. 

L. K. Kirchmayer, General Electric Company, Schenectady, N* 

U.S.A. 

I wish to commen4 Hi® authors for their vision in noting the needs for 
improved methods of analysis and synthesis in the control and plan¬ 
ning of power systems. It is thought of interest to note some of the 
parallel activities of the General Electric Company on related problems. 

(1) Process Algorithms 

The increase in size of generating units and the demands for econ¬ 
omy and reliability of operation are demanding more sophisticated 
control arrangements. The achievement of improved controllers re¬ 
quires the ability to model more accurately the dynamics of the proc¬ 
ess. In undertaking this task we have developed non-linear models 
of power plants whose solution is only feasible by means of high-speed 
digital computers. Our large-scale simulation studies of complex proc¬ 
esses are now done almost exclusively on digital computers through 
means of a flexible set of subroutines portraying various system ele¬ 
ments. These subroutines may be readily connected together by pro¬ 
gramme statements, thus readily allowing the solutions of complex 
problems with a minimum of effort. 

(2) Dispatching of Power Systems^ 

Work has progressed very rapidly in the application of digital com¬ 
puters to the problems of operations planning, control and accounting. 
Here a digital computer is used to automatically collect data across 
the system; make evaluations concerning future operations; execute 
instant-by-instant control action; and make accounting calculations 
after the fact. Such applications, it is believed, encompass some aspects 
of the cybernetic control of systems as visualized by the authors. In 
some of our digital computer dispatch applications, all of the conven¬ 
tional analogue sub-loops are being replaced by the digital computer. 

Would the authors please comment on the present status within 
the U.S.S.R. of digital computers for on-line control of power systems. 

(3) Planning of Power SysterrvP 

Important progress has been made in the development of mathe¬ 
matical methods and techniques as well as digital computer pro¬ 
grammes to achieve the optimum plan for a power system. Total System 
Planning is the name we have given to a philosophy of expansion 
planning that has as its objective the integrated design of an optimum 
total system, beginning with the sources of fuel and ending with the 
delivery of power to the customer. It considers, in the light of perform¬ 
ance and cost, each sub-system individually and as it relates to other 
sub-systems; thus leading to an overall design which meets specified 
technical criteria at minimum present worth of total costs. 

During the last five years, considerable progress has been made in 
realizing the goals set by the Total System Planning concept. A set of 
integrated digital computer programmes is available today to assist 
system planners in developing economic and reliable patterns of ex¬ 


pansion in the generation-transmission area. A similar set of pro¬ 
grammes is available to assist in the area of distribution system 
expansion planning. 

The concept of generation-transmission planning by means of a 
set of integrated digital computer programmes may be visualized as a 
logical flow through three sequential stages; 

Stage L Determination of installation dates for new generation 
and the sizing of system interconnection. 

Stage IL Specification of the internal transmission system required 
by the increasing load and generation capability. 

Stage III. Evaluation of the present worth of total costs required 
to execute a specified expansion plan. 

It would be of interest for the authors to comment on the status 
of digital computer programmes available to conduct such analysis in 
the Soviet Union. Several questions of general interest are: 

(1) The author points out the need for simulating electrical systems 
by means of data of their normal operation. It would be of interest 
for the author to report upon their successes in this area of studies 
since the publication of the paper. 

(2) I agree with the authors* views that the indicators of perform¬ 
ance themselves require considerable technical economic research. We 
also concur with the idea that probability methods have reached a state 
of development that they are a genuine working tool. In the planning 
of power systems we can readily calculate a measure of system relia¬ 
bility and the cost of systems to meet various system reliabilities. 
However, the indicator which presents the value of reliability as a func¬ 
tion of reliability has not been established. Have the authors establish¬ 
ed a value of reliability which they use in optimizing a power system 
design? 

(3) The authors suggest that in cybernetics practice dynamic pro¬ 
gramming should be utilized. Our experience has been that dynamic 
programing is severely limited in practical problems because of the 
high dimensionality of real life problems. Have the authors used dyna¬ 
mic programming in the solution of problems of many dimensions? 

(4) The author refers to the need for establishing equations of 
transient processes so as to determine optimal control according to 
economic indices. Have the authors developed such equations and 
controls for steam-electric generating plants? 

In conclusion, I wish to encourage the authors to continue their 
fine efforts in this area of research. 
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Mr. Topsett, English Electric Company, Ltd., London, England 

One general remark will perhaps assist those participants whose inter¬ 
est in power system problems may be only recent. There has existed 
for over 40 years an international conference at which are discussed 
all technical aspects of electric power systems and power plant. This 
is the conference internationale de Grands Reseaux Electriques 
(CIGRE) which meets every two years in Paris. At last year’s confer¬ 
ence, 45 different countries were represented. The next CIGRE will 
be in 1964 and presumably in 1966 meetings of both CIGRE and IFAC 
will take place. I suggest that while cross-fertilization in their respec¬ 
tive fields will be excellent, it would be unfortunate if unnecessary 
duplication should result simply because knowledge of both confer¬ 
ences is limited to a rather small group of people. 

Turning now to the paper by Venikov and Tsukemik I would 
mention that Professor Venikov is a distinguished participant at CIQre 
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known to power-system engineers and have been the subject of CIGRE 
papers from many different countries. Some of these might have been 
mentioned in the list of references. This paper is, in effect, a sort of 
additional survey paper in this field, but it also attempts to look into 
the future. An electrical system exists to serve the ultimate consumers 
of electrical energy. These are frequently subdivided into: (1) Indus¬ 
tries of all types. (2) Transportation and other services. (3) Commer¬ 
cial premises and activities. (4) Domestic consumers, in their homes. 
One of the most basically difficult and controversial aspects of the 
whole subject is the relative quality of the supply to be given to these 
four groups of consumers and the price they should pay for it. The 
authors touch on this matter in somewhat provocative tones, but offer 
no specific concrete opinions except to say that the aim is to provide the 
greatest possible increase in growth of electric power with the least 
possible consumei: cost. I am sure that as users of electricity in our 
own homes none of us will quarrel with that objective. However, I my¬ 
self work for a manufacturer of electrical generators and I am not 
prepared to accept a failure of continuity of my salary in return for 
improved continuity in my electricity supply. I invite the authors to 
comment further on this point and to mention the sort of criteria they 
have in mind about the quality of the service. 

W. Leonhard, Siemens-Schuckertwerke A,G., Scharowskystrasse 2-4, 

Erlangen, Germany 

The authors have compiled an impressive list of problems to be solved 
for optimum design and operation of integrated power systems. The 
utilities and the electrical industries have surely been aware of some 
. of these problems, for example when planning a new power plant, and 
have attempted to use all the technical and economical information 
available, and all the means to process this information including 
digital computers. It is an interesting proposal to coordinate all these 
activities under the heading of cybernetics. 

It is not completely clear what the authors mean by cybernetic 
control and cybernetic regulators. First it appears that the authors 
have in mind the generalized approach, where not only narrow tech¬ 
nical viewpoints are considered, but where reference is also made to 
other disciplines such as mathematics, economy etc.; the term cyber¬ 
netic control is applied to fully automatic systems, to self-adapting 
systems using computers etc. Then some examples for regulators, ex¬ 
hibiting cybernetic features are given. These examples are not in line 
with this broad definition; also they are not convincing since the prob¬ 
lems described can be, and are, solved with normal methods in com¬ 


mon use, that is, a derivative influence of the feedback quantity in 
one case and an overriding or a cascaded control in the other. 

In order to clarify these points, a brief definition of the terms 
‘cybernetic control’ and ‘cybernetic regulator’ and the diflerences to 
conventional techniques would be helpful. 

S.-C. Yen, The Electrical Research Institute, Peking, China 

Have the excitation generators with the tele-transmission of d,pd,p^d 
signals already been placed into operation in the electric power system 
of the U.S.S.R.? What are the conditions for obtaining optimal reg¬ 
ulations when combining high-speed computers with this regulator? 

In the automatic frequency regulation and economic dispatching 
of active power Mr. Mockareb of the U.S.S.R. has proposed a distrib¬ 
uted method. Will you tell us how to unify his method with the method 
of cybernetic control mentioned in this paper? 

How do you proceed to solve the problem of combined automatic 
control of voltage, frequency, active and reactive power? To what 
degree have the electric systems of the U.S.S.R. realized such control? 

Professor Lebedev, in reply 

I thank Mr. Kirchmayer for his very interesting remarks concerning 
the paper and will be glad to transmit them to Professors Venikov 
and Tsukernik. Following from these remarks, the methods of inves¬ 
tigation used by G.E.C. in the field of electric power systems have no 
major divergencies from the methods presented in this paper. At the 
present time in the U.S.S.R. the use of learning machines is only in the 
first stages and it would be premature to give any recommendations, 
for there are not yet sufficient test results in practice. 

Replies to certain questions can be found in the references given 
at the end of the paper. 

The authors of the paper would like to receive more critical re¬ 
marks concerning the methods of cybernetics applied to power systems 
which was the subject of this paper. Persons who were taking part in 
the discussion did not reject the principles presented as the basis of 
the methods developed by Professors Venikov and Tsukernik.,These 
methods are taught at the Moscow Power Institute to students special¬ 
izing in designing electric power stations. Concerning the several de¬ 
tailed questions presented in the discussion, I am unfortunately not 
able to give any detailed reply to them, but will, of course, be very 
glad to transmit them to the authors of the paper. I thank all who 
took part in the discussion and for the interest shown in the subject. 
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Summary 

In the paper the ideas of computer controlled power dispatching are 
summarized. A brief report is given about a new adaptive analogue 
computer solution of economic load distribution, some remarks are 
made on the power efficiency measuring techniques, especially devoted 
to continuous fuel analysis and on the problems of the best determina¬ 
tion of estimation periods for efficiency optimization. The method of 
dynamic economic load dispatching is outlined, considering the tran¬ 
sient costs, formulated as a multistage decision process. A more rigor¬ 
ous mathematical definition of power plant availability is suggested 
together with a way of building these data into the above programming 
method, thus approximating the logical decision making work of the 
power dispatcher. Some steps are reviewed especially for quick des¬ 
patching systems, and a few for the quick estimation of load flow 
change effects and the application of the theory of games for search¬ 
ing out the optimal network configuration switching operation. 
Some data are given for the required storage, computer time and 
telemetering capacity. 

Sommaire 

Ce rapport traite de la repartition optimale au moyen de calculateurs 
de la production d’un reseau eiectrique. II donne quelques indications 
sur I’adaptation automatique de la repartition de la charge selon des 
criteres economiques, au moyen d’un calculateur analogique. II 
examine en particulier les techniques de mesure du rendement des 
differentes installations, en particulier des centrales thermiques i 
alimentation continue. II traite du probleme de la meilleure deter¬ 
mination des periodes d’estimation k prendre en consideration pour 
cette optimalisation. II esquisse une methode d’optimalisation dyna- 
mique de la repartition de la charge prenant conune base les coflts des 
regimes transitoires. Une definition mathematique de I’aptitude des 
centrales k participer aux variations de charge est indiquee pour une 
programmation dynamique de cette optimalisation. En prenant 
comme base les decisions logiques qu’un repartiteur de reseau est 
amene k prendre, le rapport indique certaines etapes conduisant k 
une optimalisation automatique de la production d’un reseau eiectri- 
que tenant corapte tres rapidement de la repercussion economique 
des modifications des echanges d’energie dans ce reseau; il montre 
comment appliquer la theorie des jeux en vue de determiner la structure 
optimale de ce reseau. II donne certaines indications sur le temps de 
calcul, la capacite de memoire et I’ampleur des teiemesures que neces- 
site cette optimalisation. 

Zusammenfassung 

In diesem Aufsatz sind die Gedanken fiber die rechner-gesteuerte 
Lastzuteilung zusammengefaBt. Es wird kurz fiber eine neue Ldsung 
flir die wirtschaftliche Lastverteilung mittels eines anpassungsfShigen 
Analogrechners berichtet; daran schlieBen sich einige Bemerkungen 
fiber MeBverfahren fur den Gesafntwirkungsgrad. Hierbei stehen 
kontinuierliche Analysenverfahren fQr Brennstoffe im Vordergrund. 
Weiter enthait der Beitrag eine Bemerkung fiber die Bestimmung der 
Vorhersageperioden bei der Optimierung des Wirkungsgrades. Das 
Verfahren der dynamischen wirtschaftlichen Lastverteilung wird 
unter BerUcksichtigung der Ubergangskosten als mehrstufiger Ent- 
scheidungsprozeB formuliert, Der Beitrag enthait VorschlSge flir eine 
strengere mathematische Definition der Anpassungsfahigkeit der 
Kraftwerke an Lastschwankungen und fiber ein Verfahren zur Berfick- 


sichtigung dieser Daten bei der Programmierung. Bei der Nach- 
ahmung der logischen Entscheidungen eines Lastverteilers werden 
hauptsfichlich Betrachtungen zur schnellen Lastverteilung angestellt. 
Einige Betrachtungen beziehen sich auch auf schnelle Entscheidungen 
fiber die wirtschaftlichen Folgen einer Umleitung des Energieflusses. 
Die Theorie der Spiele wird angewendet, um die optimale Struktur des 
Netzes zu suchen. Es werden Angaben fiber die benotigten Rechen- 
zeiten, den Speicherumfang und die Femmessungseinrichtungen 
gemacht. 


The results of automation in the Hungarian energy system 
were reported in earlier papers^* ^ j^ost important equip¬ 
ment realized is an automatic economic load dispatcher, based 
on new principles, calculating the effect of the network losses 
(differing from the usual solutions) from the actual network 
configuration. The special analogue computer of Figures 1 and 2 
calculates the matrix B using the well-known formula®*^ 
Pv — P B P, according to the scheme of Figure 3, The poten¬ 
tiometers in section G of the figure have the values 


characterizing the generators, where QjFi is the active and 
reactive power rate, Ui the generator terminal voltage, while 


‘ m 
r=l 

in section L characterizes the proportions of the loads on the 
total loss, where In is the load current at the ith node; lig is the 



Figure 1 
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Figure 2 

power station current at the ith node; and N is the direct 
current model of the actual network. 

By a more detailed analysis it may be proved® that if the 
TOltages corresponding to the generator powers JP/ (without 
the network losses and formed similarly to the previous analogue 
computer solutions) are the driving voltages of the scheme’s 
input, the voltages Pj,, being proportional to the network 
incremental losses, are obtained at the output, which provide 
with a suitable feedback the optimum load distribution consider¬ 
ing the ne^ork losses. The papers quoted prove that accuracy 
ot the method (considering the omissions) exceeds the practi¬ 
cally reasonable limits. 

• single-purpose machine for such a solution 

mstalled in the system control, takes into account, as compared 
with the former solutions, the active-reactive power proportions 

of the pnerator bus-bars, as well as variations in the load 
proportions. 

With the part simulating the actual network (matrix JV) one 
obtams an adaptive system, resetting the economic load distribu¬ 
tion by switchmg the elements of network ff (that is, the actual 
unes, by hand, or automatically with remote control). 

®^f®"®nces with the automatic load dispatcher have 
shovm that the methods developed up to now for evaluating 
incremental heat rate curves, plotted on 
tistical bases) are not satisfactory. In connection with this 
the followmg problems have arisen : 

Continuous evaluation of the economy characteristics 
(efficiency, increment costs). 


(i>) Determination of the estimation periods for the data 
pressing and economic load distribution, permitting filtering 
of the measurement uncertainties and other short cycle, transitory 
disturbances, but giving information about the effect of the 
system variations (e. g. fluctuations in connection with the 
frequency and power control). 

(c) Measurement accuracy corresponding to better calcu- 
latmg and data processing possibilities and improvement of 
the sensmg elements. 

((/) Calcula.tion of the transient phenomena effect (e.g. un- 
load, incre^e in load) in the automatic load distribution system. 

(c) Problems of availability, probability of breakdown 
objective judgement of the operation during partial disturb¬ 
ances, or unfavourable service conditions for an automatic 
dispatcher. 

(/) The complex logical decision problems of the automatic 
energy system dispatcher control for searching the most 
ravourable network connection manipulations. 

Among the above problems (a) is generally solved, and a 
great number of power system data processers are operating. 

IS worth mentioning, that as regards development, these 
problems are not resolved. The endeavour for a practically 
perfect service safety, the complications of practice in connection 
with the electromechanical output equipment, the reasonable 
combmation of the analogue and digital elements, and the 
development of a more reliable and cheaper annunciator system, 
rendermg the whole apparatus less expensive, justify numerous 
new solutions. 

Problem (d) must be regarded as the most open one. The 
igital mstruments have generally a class accuracy of OT per 
cent, while the digital computing technique is practically of 
absolute accuracy. At the same time the power system measuring 
and control mstruments are of class 1-2 per cent, but in practice 
mstruments and sensing devices for a higher accuracy can be 
reproduMd, but these are accuracy limits under service con- 
ditiom. Determmation of the most important quantities, such 
as fluid and solid material flows, heat content, ash content, etc., 
ea s o the greatest number of uncertainties, and here the 

2-5 per cent. The error is increased 
with the data calculated from such uncertainly measured values, 
e. g- with the quotient formation necessary for the efficiency. This 
IS the pivotal question and basic contradiction of the whole 
energe ical optimization. We want to attain prospective efficiency 
improvements of 0-5-1 per cent, the sum of which may be in one 
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country in an integrated average many millions, perhaps many 
tens of millions, of dollars per year, based on a measurement 
uncertainty of 1-5 per cent. 

Up to now attention has been concentrated on the prob¬ 
lem that has not yet been completely solved, i.e. continuous 
and more accurate control of the coal heat content value, this 
being all the more justified in Hungary as the fuel quality varies 
considerably, and most of the power stations are thermal ones 
working with coal. Based on some former results a definite 

improvement has been attained in the field of coal analysis by 
radioisotopes®* We have succeeded in deriving a method, 
permitting the continuous control of the heat content of the 
coal, at least within the accuracy of the laboratory calorimetric 
method, which is unacceptable from the statistical sampling 
point of view. The main experiences were as follows: 

(a) In the case of thorough sample preparation a correlation 
of better than 0*9 may be reached with laboratory calorimetric 
control, which covers the uncertainty range of the laboratory 
method measurement accuracy. 

(b) With mechanical sample preparation, the measurement 
accuracy is much influenced. 

(c) In the case of considerably varying coal composition, a 
multi-ray method of different discrete energies can be advised, 
combined with a suitable, simple computer. 

Generally it may be concluded that the next most important 
step in process automatization will not so much concern the 
automatic system itself, but rather the development of the 
quality analysing and quantity measuring devices and sensing 
elements. 

In designing the process optimization a very important and 
insufficiently considered viewpoint is the determination of the 
estimation period of the characteristic to be optimalized, 

This view is especially clear when optimizing the efficiency, 
as efficiency samples taken for too short a time may lead, for 
example, to an efficiency value exceeding one after a former 
storage period, while sampling periods which are too long elimi¬ 
nate the possibilities of estimation of system variations that 
may be important for optimization. Determination of the ideal 
sampling period is complicated by the fact that in a boiler the 
transit and storage time constants of the single energy quantities 
are extremely different, changing even during the operation. 
The ideal accurate evaluation of the efficiency could be accepted 
only for a complete start-operation-stop period. The criterion 
of duration regarding the estimation period r is that the deviation 
between the efficiency calculated from the efficiency taken for 
the total operation time and from that taken for the partial 
times should not exceed the error s, caused by the measurement 
inaccuracy, i.e. 



where Xia= power quantity supplied during the measurement; 
^out = power quantity taken out during the measurement; 

“ initial time of measurement; ~ final time of measure¬ 
ment; Tj = process efficiency; rji = efficiency of the fth partial 
time, and n = number of samples taken during the whole 
process. 


The estimation period must be chosen as the shortest one 
meeting this accuracy criterion. 

There may be several practical solutions among which the 
most simple is the working with a time r fixed by experience 
on the basis of the above criterion. With the boilers used in 
Hungary there is an interval of 10-15 min, taking values into 
consideration only if deviation between the output and input 
energy levels is less than 3-5 per cent from the beginning to the 
end of the estimation. The greater variations are, in any case, 
to be processed separately. The other system adjusts adaptively 
the evaluation interval on the basis of the auto and cross correla¬ 
tions of the output and input energy characteristic. The numeri¬ 
cal results show also, in an apparently entirely identical mode 
of operation and circumstances, efficiency changes of 2-6 per 
cent. This is partly due to the considerable variations in the fuel 
quality. A test made in Czechoslovakia^® shows variations of 
± 10 per cent for coal quality fluctuations within a very short 
time. The experiences in Hungary gave similar, or even worse, 
results, and coal quality fluctuates sometimes by minutes. The 
effect of the system power and frequency control on the change 
of efficiency is also most interesting, the load fluctuations 
having relatively rapid frequencies resulted in an efficiency 
deterioration of 2-3 per cent in some cases, against the same 
level steady state operation. The experience in Czechoslovakia 
justifies the introduction of a corrective control working on the 
basis of quick coal analysis, while that in Hungary demonstrates 
the necessity of sensing the effect of the relatively faster changes 
upon the efficiency. 

From the foregoing it follows that the former view of the 
static load distribution is not satisfactory for calculating the 
economic load distribution, and the costs of the necessary 
alterations (heating, unload, switchover, etc.) must be con¬ 
sidered. 

The problem is clarified by the following example. A power 
station is operating witli four identical boilers, each being 
loaded to 90 per cent. If the demand increases so that loading 
of the boilers is to be raised to 100 per cent, the alternative may 
be considered, i.e. starting a fifth boiler of similar capacity, as 
a consequence of which the single boilers may operate with 
80 per cent load, generally the optimum efficiency level. In this 
case the expenses of the transients (start, possible later stop, 
loss of life due to manifold start and stop) must be compared 
with the savings of the more economical steady-state operation 
for the expected interval. These circumstances are taken into 
accoimt already, though in a more simple way, in the present 
load distribution practice. 

The former static load distribution methods are to be gen¬ 
eralized to an optimum energetical programming, taking into 
considerafion also the presumable changes. These methods 
start, as a rule, from Lagrange’s method of constrained extrema 
and are calculated on the basis of the equal incremental costs. 
The generalized task is the typical case of the multi-step decision 
problem. On the basis of the power demand given, the system 
must be programmed in an optimal way, considering afterwards 
the transition to the power demand expected for subsequent 
periods and the optimal mode of operation on the new levels. 
Considering the calculating difficulties and practical demands, 
the programme was realized for two steps, consequently, 
besides the system performance level given, the search for the 
optimum is realized for the next two levels. Consideration of 
the second change provides information about the first alteration 
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being justified. (In our example the heating up of the new boiler 
IS made reasonable by the time elapsing until the next change 
and by the direction of the next variation.) 

The optimum energetical programming must calculate the 
avajlabihty of the system and its unite also, and therefore the 
^obabihty factors must be considered not only when estimating 
the power demand, but also when calpulating the available 
power system capacities and network interconnections. In the 
period to be planned, the system service conditions are charac¬ 
tered by the priwpective capacity distributions of the individual 

u?"®’ tinits, etc.), that is, the probabili- 

ties of tte aTOilable capacities as a function of time, and further, 
the proebility cost values relative to these. These cost values 
e® pr^abifity variables not only in the sense that they belong 

“ themselves only 

probable val^s, e. g. the efficiency of the condensation machine 
IS TOnsiderably dependent on the cooling water temperature 
and consequently on the probable factors of the weather. The 
u: important characteristic, from the optimization point of 
view, as mentioned earlier, is the eccess cost of the transient 
states, &is corresponding not to the expenses integral taken 

““ 

predictive characterization of the 
availabihty, ^e foUowing are needed. (1) ProbabiUty distribution 
of the capacities depending on the time and direction of tran¬ 
sients, (2) the probability cost distributions belonging to these 

i “tegrals of the expense distributions 

along time tables to be considered. 

That is, the availability .,4 is a set; 


P^ect safety. During this time the service costs of operating 
the apparatus in steady-state conditions correspond to the 
value calculated in general till now. 

(b) At the beginning of operation (primary disorders) and 
over the service time permitted, the probability of outage is 
grater Here a penalty tariff is stated, depending on the time 
and c^oilating from the former outfall statistics and from the 
probable economic consequences of the outfall. 

(c) Similar penalty tariff is stipulated in case of some error 
signals (fault indications). 

W For all important unite the transient costs (the expenses 
of the transient wnditions) obtained by experience or calculation 
are stored, adding to this in some cases the penalty tariff cal¬ 
culated from the disturbance danger relative to the transition. 


^ - {Pi -f I (F, ty, p2 =/2 (K, P, t); p3 =/3 (p, K, J JCdt)} 

where jji, p, are the probabilities discussed above. 

Awordingly, the availability A at instant / is the set of the 
possible power capacity values P, where to each value P belongs 
a value JiT (the costs of the service in steady state conditions) and 
° curve Pj — p, (t) belongs an integral cost curve S iSTdf 
The task of optimization is as foUows. The lines of constraint 

*Lu ‘opacities P, = P< (r) are given, that is, 

the boundary surfaces of a solution space of dimension «. the 
lower and upper power limits belonging to the individual 
^ probable systan power 

i ? 7 f ^ T^® of the vector P of n dimensions 

s to deterged (the vector characterizing the power output 

Sn^ tions*^^ *® 


i “ 1 V fo 




toat IS, providing the minimum of the cost integral taken along 
the trajertory. The line integral taken along the trajectory in 
Ae coordinate space P forms no conservative space, as the line 
r* mdependent of the path and the integral taken 
along the closed curves (the cost of returning to the same powtar 
distribution) IS not zero. 

Tte probability influence of the availability and of the costs 
have been derived according to the following considerations: 

(n) Ctoe detennines for all equipments the operation time 
Pitted on an wpenmentaj basis, that may be considered—if 
there is no special fault indication—as a time of practically 


! 7^® ®hove data can be elaborated by the individual power 

station data processers with a relatively smaU storage and time 
I requiation to data necessary for the load distribution. These 
are the curves corresponding to the classical increment cost 
ci^es, corrected by the penalty tariffs considering the avail¬ 
abihty the possible time functions of the transients and the 
inte^ cost awes of the transient conditions. For power 
stations a relatively slow processing of about 10-20,000 data 
is needed and the communication of about 300-400 data with 
™ central load dispatcher, as a result of the above calculation. 
Ine latter must be dispatched only in case of and to the degree 
of change. The knowledge of these 300-400 data per power 

station accomplishes the two-step optimalizing programme 
mentioned earlier. vsioimuc 

In this manner, with the aid of suitable power station data 
processers, by the otoerwiM available telemetering channels and 
centialj medium size computer, energetical automatic 
optimization may be realized, which takes into account the 
econonuc consequ^ces of the power system transient conditions 

and also the changes in production costs 
auu cincieiicies during operation. 

The optimum system control referring to the whole power 
system does not make superfluous the optimization of the indivi¬ 
dual control circuits, which may be considered partly to be 
autonomous. Reference is made here, for example, to the control 
of coal pulverizers, which may be controlled directly by a 
continuous an^yser of ash, assuring the given fuel quantity as a 
primary condition. As against the non-interacting control 
syst^s suggested recently by many authors, ins talling feed 
n^trix connections into the control circuits consid^ed pre¬ 
viously autonomous, we think to be rather practicable such semi- 
autonomous adaptive circuits, as the rigid functional connec¬ 
tions pve suitable results only under perfectly steady-state 
conmtions (e.g. time constants), this condition being chiefly 
realized with boilers. * 

In the course of the dispatcher control automization, the 
question arc^ to what extent the dispatcher work may be 
mechani^ in addition to chart preparation and beyond the 
tasks of the continuous economic load distribution. This idea 
^ supported by the fact that the switching, manipulating and 
failure suppression activity of the dispatcher control is motivated 
by subjective factors; extremely hazardous decisions must be 
made in a short time, and the presence of mind, momentary 
mood and luck of the dispatcher influence consid^bly his 
activity in this field. Mechanization of the task is complicated 
by the fact that the methods of judgement of the situations were 
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partly subjective ones, based on the experiences and intuitive 
improyiration capabilities of the dispatcher, as there is no 
possibiUly for accurate analysis in the case of rapid decisions. 
Accordingly, rnwhanization of the dispatcher control permits 
the application in practice of cybernetics in a narrow sense, and 
the adoption of recognition and heuristic search. 

In &e TOurse of elaborating the problem the method of 
approximating the tasks step by step has been chosen, selecting 
a single logical task of the dispatcher control. It is seen, taUng 
into account the present machine capacities, that the question 
arises as to how this task can be elaborated and, after solving 
this, the kind of further tasks that remain for the rligrgf rh>. r to 
solve. By this one can remove from the total dispatcher’s activity 
the parts having not been exactly formulated up to now and 
examine their weight in the total work and how to handle them. 
In any case, as more tasks are mechanized and separated from 
the dispatcher’s control, the more time and possibility remain 
for accomplishing the part demanding the most complicated 
intellectual activity. 

As a first task, estimation of the possible circuit diagram was 
e^mined from the overloading point of view. Similar calcula¬ 
tions (load flow programmes in the network) have been 
regularly for more than a decade on digital machines, but this 
was the first digital computer application in the power systems. 
At the same time the methods complying with computer re¬ 
quirements are not fully practicable for automatic control 
purposes, due to their other demands. Here the analogy of 
differences between the measuring instruments and the sensing 
elements of automatic control must be referred to. In sensing 
systems, however, detecting identical quantities using iHenHepi 
physical principles as measuring instruments the difference in 
their field of application, demands different approaches. For 
automatic control we have confined ourselves to a load flow 
computing method of an accuracy of 5-8 per cent, but being 
most rapid, providing the results for a 40 node network on a 
medium size machine in less than 1 sec. The storage capacity 
demanded is about 1,000 words over the programme. Otherwise 
the method was a generalization of the wdl-known method of 
current distribution factors and imaginary loads, reducing the 
evaluation of a network of n nodes to the solution of a complex, 
linear equation system of about i unknowns, if the c a lcula te d 
network differs from a basic configuration with i lines. 

The next step was the determination of the optimum connec¬ 
tion confipiration of the connection manipulations (main¬ 
tenance, disturbance) tested from a safely point of view. When 
elaborating the programme, the theory of games has been 
adopted, interpreting the dispatcher’s work as a two-step game 
of two persons, a game against nature. The pure strategies of 
one of the players, i.e. the dispatcher, are the available connec¬ 
tion manipulations, while those of the other player, that is, 
the nature, are the disturbances imaginable in the system. The 
gMe is two-stepped, first a favourable main network connection 
diagram is selected by the dispatcher, not knowing yet what kind 
of disturbances may arise during the validity of this circuit 
diagram. After this the nature ‘moves’, a possible disturbance 
ensues, and as a last step, a changeover strategy is chosen by the 
dispatcher which reduces the power limitation produced by the 
disturbance to the minimum. To adopt the minimax principle, 
a suitable pay-off criterion had to be found by which the elements 
of the game matrix may be filled and the optimal strategy may 
be evaluated. This criterion is established on the basis of the 


damage caused by the possible power outage and the weight 
functions formed by the outage probability. On the iiggi«f of 
seve^ considerations, the outage probability p is not directly 
applied for weighting, but this is done, however, with the 
relation 




1 


1-lnp, 

so the criterion of the optimal game is: 




where JVi^ is the power outage caused by the /th dispatcher’s 
strategy and the yth disturbance possibility (kWh), is the 
specific damage due to the above disturbance ($/kWh), and 
Pi is the probability of the yth disturbance. 

The machine time for analysing a complete situation in the 
case of a medium size machine and of a starting position deviating 
not from the normal one but at most with the state of the four 
lin^ is about 4-5 min for a 40 node network, its storage demand 
being without programme about 800-1,000 words. 

The availability of the network, and that of the power 
stations, may be considered along similar lines making use of 
the suggestions mentioned earlier, thus extending further the 
possibility of the objective evaluation of the network configura¬ 
tion. The programme evaluating the manipulations may include 
the data referrmg also to the stability. As examination of the 
slability conditions of a single situation demands considerable 
time even by a computer, the application of the pre-calcu- 
lated, stored stability data, as well as the continuous process¬ 
ing of the data of the stability reserve indicators, are referred 
to here. 

Control of the dispatcher by computers would not make 
superfluous the application of less complicated network auto¬ 
matics, such as protections, overswitch and backswitch auto¬ 
matics, etc. 

It must be emphasized that in the field of the present sum¬ 
marizing report on the authors* developments and ideas, these 
are up to now mainly theoretical achievements calculated for a 
mathematical model, prepared for simulation on a digital com¬ 
puter. Their expediency and adaptability must be decided, how¬ 
ever, by practice, for many technological and other realization 
difficulties must be overcome. 
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DISCUSSION 


L. K. Kirchmayer, General Electric Corrgpamy, Schenectady, N.Y., 
U,S,A, 

The authors have done an excellent job in outlining present dispatch 
practices on the Hungarian Power System as well as indicating future 
areas of profitable research. I have several comments and questions 
for their attention: 

(1) Transmission Loss Formula 

The authors’ treatment of transmission losses is certainly unique 
and appears to allow ready modifications for different circuit arrange¬ 
ments. 

Recent work conducted by G.E.C. has lead to significant improve¬ 
ments in the accuracy and ease of calculation of transmission loss 
formulas^* In references 1 and 2, the reactive power of each generator 
is treated as a function of the reactive output of that particular gener¬ 
ator and the total system load. This reactive approximation leads to 
improved accuracy over the use of the ratio QIP as indicated in eqn (1) 
of the authors’ paper. The method described in references 1 and 2 has 
also provision for treating the loads as a complex linear function in¬ 
stead of just a complex linear fraction of the total load. Reference 2 
also rigorously treats the effect of tappers in the network. As a question 
to the authors, I would like to ask how the effect of tappers would 
change Figure 3 of their paper. 

(2) Analogue Versus Digital Dispatch Computer^ 

I thought it, would be worth while to note that the current trend 
in the U.S.A. is to use digital computers as on-line computer control¬ 
lers for the operation of power systems. These computers serve not 
only to take care of the instant-by-in$tant load frequency control and 
^onoimc allocation of generation, but also serve as an important tool 
in solving the problem of operations planning and accounting. 

We visualize, in the future, the possible interconnection of the 
power plant digital computer and the central dispatch computer in 
order to ensure that the instant-by-instant dispatch is accomplished 
using the current thermodynamic performance of the power plant. 

(3) Effect of Transients on Thermodynamic Efficiency 

There is, indeed, a need for determining more precisely the effect 
of transient phenomena upon the thermodynamic efficiency. The 
authors refer to a deterioration of efficiency of 2-3 per cent in the case 
of load fluctuations having rapid frequencies. Do the authors have 
sufficient data to present this efficiency deterioration as a function of 
frequency? 

(4) Unit Start-up and Shut-down 

In our applications, the dispatching computer is used to arrive at 
the optoum schedule of unit start-up and shut-down through use of 
a gradient method* This method to date does not, however, consider 
the probability of outage of the various elements, but does provide a 
stated minimum spinning reserve. 


(5) Optimum Network Configurations 

The authors discuss the use of the theory of games to determine 
the optimum network configuration. Have the authors evaluated the 
improvement in performance obtained by this method compared to 
solutions obtained by earlier methods ? 

Our applications to date involve the use of the dispatch computer 
to run load flows but not to search for the most favourable connection. 
Our philosophy of system design is that the transmission network is 
deigned for all elements to be in service except for emergency con¬ 
ditions, which, are taken care of through a properly designed relaying 
system. 

(6) Stability Reserve Indicators 

The authors also refer to stability reserve indicators. Would the 
authors kindly describe the nature of the indicators which they have 
mmind? 

(7) Computer Specifications 

The authors state, through means of a central medium size com¬ 
puter, that energetic optimum may be realized which takes into ac- 
TOimt the automatic consequence of the power system transient con¬ 
ditions, and of its availability, and also the changes in production costs 
and efficiencies during operation. Would the authors please indicate 
the computer storage and operating times which they visualize for this 
computer? 

conclusion, let me compliment the authors in visualizing pos¬ 
sible opportunities in improving the economic performance of power 
systems. 
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P, Profos, Federal Institute of Technology^ Zurich, Switzerland 

Mr, Vdmos mentioned a rapid method of determination of heat con¬ 
tent by radioisotopes. I have some questions in relation to this method. 

(1) Have you already gained some field experience with these types 
of sensors, if so, is it satisfactory? 

(2) It is well known that accuracy and dynamic response of meas¬ 
uring heat content depends to a great extent on the method of taking 
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representative fuel samples, this being particularly diflBcult with coal. 
Is the sampling technique used still the same, or are there also sub¬ 
stantial improvements in this respect? 

(3) Due to the fact of considerable and rapid fluctuations of the 
actual heat content it will be necessary to Alter (to average, roughly 
speaking) the signal of the heat content sensor for the purpose of 
computation of the boiler efficiency. Is there a real need to improve 
the response of the heat content sensor or is this merely of academic 
interest? 

(4) The goal of computer control is, I think, to realize an economi¬ 
cally optimal load distribution: roughly speaking, to produce and 
distribute energy in such a way that the overall production cost per 
kilowatt hour is a minimum at any instant. An important part of this 
cost is, of course, the fuel, the latter depending on the specific coal 
consumption of the plants and the price of the fuel. As long as the fuel 
is purchased by weight and not on the basis of heat content, it seems 
to be sufficient to use as a basis of economic load distribution the 
incremental cost per kilowatt hour produced by a given power station. 
To determine this magnitude it is not necessary to compute the thermal 
efficiency of the plant and hence also the determination of heat content 
will not be necessary. 

Does the price of the fuel in Hungary depend on the actual heat 
content of the coal burnt, or are there other special reasons for taking 
care of the heat content of the coal in relation to computer control of 
energy systems? i 


D. A. Abdulaev, National Committee Kalantschevskaja 15a, 

Moscow, 

In the use of computers for optimal control of regimes of large electri¬ 
cal systems, various schemes are possible for the transmission and pro¬ 
cessing of signals resulting from disturbances appearing in the system. 
What structure of systems of transmission and processing of informa¬ 
tion does the author consider to be the most efficient? 

Is there a connection of the type object-computer or are there any 
other types of connection possible? 

In order to increase the efficiency of utilizing computers, a prob¬ 
lem arises of improving the accuracy of primary measuring instru¬ 
ments. With existing errors of measuring instruments, what magnitude 
of error does the author consider admissible for an optimal and most 
efficient control of electric system? 


J. Carpenher, Electricite de France, 12 Place des jStats-Unb, Paris 16^, 
France 

Which types of data processors are to be put in the thermal power 
plants? Are they simple data-Ioggers or digital computers? Are they 
likely to perform any other tasks, such as operation optimization, 
start-up and shut-down of the plant? Has an economic study been 
made of this subject? 

Con^ming the use of the theory of games to determine the best 
connection configuration of the network, by what considerations has 
the disturbance probability been replaced by functions of these prob¬ 
abilities? 

Concerning the load flow computation made by the dispatcher, it 
is interesting to notice that a method of economic dispatch giving an 
account of limitations of loads of the lines has been realized in France. 
In these methods, called ^injections methods’, economic dispatch and 
load flow are computed at the same time, and the ^spatcher must not 
begin the economic dispatch computation again if a line is overloaded 
as it mi^t well be. 
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D. Ernst, Siemens-Schuckertwerke A.G., Scharowskystrasse 2-4,852, 

Erlangen, Germany 

The authors have given a very interesting possible application of 
computers in the electric power field. Problem (b) on the first page of 
their paper deserves special attention and should be highly appreciated. 

The use of computers for economic load dispatching is well under 
way and there is no doubt over the justification of this application. 
A question of the future, however, is how the computer can be adapted 
to the automatic operation of transmission systems and switch plants, 
on the on-line closed-loop mode. Some possible aspects would be: 

(1) Continuous determination of the redundancy of systems. 

(2) Switching of feeders, transmission lines, etc. 

(3) Activating the protective relay scheme by direct switching 
actions in case of faults. 

Again, the problems of trying to realize an overall computer ap¬ 
proach arise, as I have indicated in the discussion to the previous 
paper. Also a centralized computer control would require a larger 
number of very effective and—^in some cases redundant—telemetering 
channels. The reliability problem and the priority problem are also of 
paramount importance. Therefore, it is felt that the question of using 
sub-loops on the lower levels of automation should be revised. 

In the process of distributing electrical energy, the products are 
always the same. However, a vast amount of apparatus is engaged in 
the process and the information flow is tremendous. Therefore, a 
powerful data reduction system with computers would improve sub¬ 
stantially the situation for the dispatching personnel. 

It would be interesting to hear the authors’ opinion on the question 
of centralized or decentralized control of large transmission and distri¬ 
bution systems. 

T. VAmos, in reply 

Mr. Kirchmayer’s first question concerning the effect of tappers can 
be solved in the scheme by d.c. transformers (i.e. by the use of d.c. 
amplifiers), or by an a.c. scheme based on the same idea, though in 
our network this is not needed. 

We have no exact idea about the use of analogue on-line computers 
in the future. The analogue computer used by us costs $ 50,000 approx., 
one magnitude less than a digital one, though the latter can be used 
for other purposes, too. Maybe the ultimate solution will be a hybrid 
computer. 

Data on deterioration of thermodynamic efficiency by fluctuations 
are insufficient and unreliable. The 2-3 per cent mentioned is given by 
two power plants operated for a period by a frequency controller 
exciting fluctuations of a period of a few minutes. Average fluctuations 
of C.V. of about 7 per cent caused a deterioration of 0*5 per cent. 

The consideration of probability values for unit start-stop is only 
an idea for the later calculations. This means the collecting of data for 
about a decade to reach results that can be adopted with confidence. 
The same remark is valid also for the application of gaming theory for 
the search of optimal network configuration. 

The stability reserve indicators were developed by another group 
in our institute, led by Mr. B6kay. The main idea is the measurement 
of generator reactive, stator and exciting currents. Further details may 
be found in CIGRE Paper No. 308, 1960, and in a paper^. 

We use the Elliott 803/B computer for model purposes. Further 
development may require a larger device. 

Professor Dr. Profos asked about the measurement of C.V. For 
two years we have had an experiment in two power stations, and the 
results are encouraging but not sufficient. The sampling technique may 
be a new one, using a continuously operating by-pass of coal-flow. 
The main possibility to be expected from the radioisotope method is 
continuous sampling and analysing. If the C.V. is changing, as in our 
case, with a standard deviation of 7 per cent, the efficiency deteriora¬ 
tion can be improved by about 0*5 per cent with the continuous setting 
of air/fuel, or air/steam ratio and through regulating the coal prepara- 
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tion (e.g. mills). Referring to the question of coal prices, we try to use 
approximate production prices in our country, i.e. for every coal-mine 
the real production and transport costs®. 

Replying to Mr. Abdulaev’s questions, we consider the use of an 
object-computer scheme, that is, an on-line computer in the power 
station operating in the first instance as data logger and processor. 
We do not consider the classical control sub-loops unnecessary. The 
required accuracy of the measuring instruments is dependent on the 
average effect of the parameter on overall efficiency of the process, 
calculated on the basis of statistical data. This value varies from 0*2 
to 2 per cent. 

Mr. Carpentier’s questions regarding the type of computer used 
may be answered as follows: We develop a system with a step-by-step 
approach from data logging to automatic optimization of the whole 
process, including start, stop and other transients. The probability 


estimation function of the gaming model is given on p. 37 of our paper. 
For further details see reference 3. 

Further contributions to the question asked by James, Ernst 
and Gonzales are very interesting with regard to the exchange of 
practice and views. 
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Optimal Control of Thermal-hydro System Operation 

L. K. KIRCHMAYER and R. J. RINGLEE 


Summary 

Significant progress has been achieved in the application of dynamic 
optimization techniques to obtain thie most economical operation of 
a combined thermal-plant and hydro-plant electric utility system. 
These methods have resulted in significant improvements in the oper¬ 
ating economy of such electric utility systems. This paper presents the 
mathemati^l theories used in achieving optimization, discusses com¬ 
puter solution of these methods, as well as on-line computer control 
implementation. 

One example concerns the application of variational methods to 
the hydro scheduling problem where head variations may be neglected. 
Over the stated period, it is desired to use specified volumes of water 
from the various reservoirs, observing the constraints on reservoir 
elevations and plant maximum and minimum outputs. This solution 
was achieved by application of variational methods and the use of 
Lagrangian multipliers to handle the constraints. 

The rigorous treatment of the effect of head variations and par¬ 
ticularly the constraints upon the allowable variation in reservoir level 
are difficult to consider by classical variational methods. The con¬ 
straints that must be applied to the reservoir levels at each point in 
time may be designated as point or saturation constraints. A dynamic 
programming algorithm has been formulated which will properly ac¬ 
count for the point type constraints and head effects and will yield the 
water schedule resulting in minimum production costs. 

Sommaire 

Un progr^ appreciable a 6t6 realise dans Tapplication des techniques 
d’optimalisation dynamique pour obtenir le fonctionnement le plus 
economique d’un systtoe combine de production d’energie eiectrique 
k centrales thermiques et hydrauliques. La presente communication 
expose les theories mathematiques employees pour realiser Toptimali- 
sation, discute la solution de ces methodes utilisant des calculateurs de 
mSme que I’equipement avec des calculateurs dans la boucle de com- 
mande. 

Un exemple concerne Tapplication de methodes variationnelles au 
probieme de programme hydraulique dans lequel les variations de la 
hauteur de charge peuvent etre negligees. On desire utiliser, pendant 
la periode envisagee, des volumes donnes d’eau en provenance des 
divers reservoirs tout en observant les limitations dans les elevations 
des reservoirs et les productions maximales et minimales de la centrale. 
Cette solution a ete realisee en appliquant des methodes, variation¬ 
nelles et en utilisant les multiplicateurs de Lagrange, pour traiter les 
limitations. 

Le tmitement rigoureux de I’effet des variations de la hauteur de 
charge et, en particular, les limitations dues k la variation admissible 
du niveau dans le reservoir sont difficilement realisables par les 
methodes variationnelles classiques. Les limitations qui doivent etre 
applique^ aux niveaux dans les reservoirs k chaque instant peuvent 
etre considerees comme des limitations ponctuelles ou de saturation. 
Un algorithme de programmation dynamique a ete formuie; il tient 
compte des limitations du type ponctuel et des effets de hauteur de 
charge et foumit le programme hydraulique ayant pour resultat le prlx 
de revient de production minimum. 



Bei der Anwendung dynamischer Optimierungsmethoden fur die wirt- 
schaftlichste Betriebsweise eines kombinierten elektrischen Verbund- 


netzes mit thermischen und Wasserkraftwerken sind bemerkenswerte 
Fortschritte gemacht worden. Derartige Methoden haben in betriebs- 
wirtschaftlicher Hinsicht beachtliche Verbesserungen fiir solche Ver- 
bundnetze erbracht. Dieser Beitrag bringt die mathematischen Theo- 
rien, die zur Optimierung verwendet werden, bespricht Rechnerldsun- 
gen fiir diese Methoden und auch die Ausstattung fiir direkt regeinde 
Rechner. 

Bin Beispiel beschaftigt sich mit der Anwendung von Variations- 
methoden auf die Probieme der Wasserzufuhr, wenn Anderungen der 
Standhbhe vemachlSssigt werden kbnnen. Innerhalb der vorgegebenen 
Zeitepanne ist es erwunscht, ganz bestimmte Wassermengen aus ver- 
schiedenen Staubecken zu verwenden, urn dabei die zwangsEufigen 
B^ingungen fUr die Hdhenlage der Becken und fur die Hochst- und 
Niedrigstleistungen der Werke im Auge zu behalten. Diese Ldsung 
wurde durch Anwendung von Variationsmethoden und mit Benutzung 
des Lagrange-Multiplikators zur Berttcksichtigung der Nebenbedin- 
gungen erzielt. 

Bine ins einzelne gehende Behandlung der Auswirkungen von 
Standhbhenanderungen und im besonderen die Nebenbedingungen fur 
die zuiassige Anderung der Stauhbhen sind bei Benutzung der klassi- 
schen Variationsmethoden nur schwer in Betracht zu ziehen. Die 
Nebenbedingungen, die an jeder Stelle zu gegebener Zeit den Stau- 
hahen zugeordnet werden mfissen, kbnnen als Punkt- oder Sattigungs- 
bedingungen bezeichnet werden. Bin Algorithmus fur das dynamische 
Programmieren wurde aufgestellt, der die punktfdrmigen Neben¬ 
bedingungen und die Standh5heneinf[usse berlicksichtigt und eine 
Wasserverteilung ergibt, die den niedrigsten Brzeugungskosten ent- 
spricht. 


Introduction 

Electric power generation by thermal and hydraulic means 
represents a significant factor in the economy of each nation. 
The decision processes utilized for the control of hydro-electric 
and thermal-electric power generation affect the expenditure of 
large amounts of natural resources. Further, effective utiliza¬ 
tion of these facilities and resources can reduce future capital 
commitments for additional equipment. Relatively small errors 
in the coordination of these resources can therefore cause sig¬ 
nificant monetary losses. Only by careful control or coordina¬ 
tion of resource expenditures can the maximum value of the 
resources be realized. 

Tht entire problem of thermal-hydro-electric power inte¬ 
gration is one involving the determination of future power and 
energy demands as well as future resource availability and match¬ 
ing plant capability in such a way as to maximize the value re¬ 
ceived from the resources and capital invested. This is a broad 
problem involving both probabilistic and deterministic factors^-^. 

The problem of optimization to be treated here concerns the 
short range coordination of hydro-electric and thermal power 
pneration with specified plant capability. Plant capital investment 
is assumed fixed; and, for the period of operation, it is assumed 
that the quantity of water available for electrical energy produc¬ 
tion is specified. The criterion for operation is thus to operate 
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the power production system in such a manner that the expected 
demand for power is met continuously with not more than the 
assigned quantity of water consumed and the expenditure of 
thermalfuel resource minimized. A number of physical constraints 
are imposed upon the power system. These include maximum 
and minimum limits upon the storage capacity of reservoirs, 
upon the discharge rates for hydraulic turbines, and upon the 
generating capability of the thermal plants. 

This challenging problem has been under study for many 
years^. Because of its complexity, early contributions were 
based on many simplifying assumptions and approximate 
solutions were achieved by hand computational methods. Only 
within the era of the hi^di^speed digital computer have careful 
analytical or numerical solutions been feasible. It is the purpose 
of this paper to discuss two of the mathematical techniques by 
which this problem may be solved, and the means by which the 
solution may be used to generate the information to control 
the power system. 

First, the problem has been formulated in continuous time 
and solved by integration of the Euler-Lagrange equations 
resulting from the calculus of variations®”’. Second, the problem 
has been formulated in discrete time as a sampled data system 
and solved as a mathematical programming problem®”^^. 

Implementation of the results of these two mathematical 
methods will be discussed in the paper and a digital control 
system described. Also a comparison will be offered of the 
relative advantages and disadvantages of the two methods based 
upon experience gained in producing digital computer pro¬ 
grammes for the two methods. 

The Yariatioiial Formulation 
Development of Theory 

Written as the minimization of an integral criterion, the 
problem is one of the general class of isoperimetrical problems. 
For illustrative purposes, the problem will be initially phrased 
in its simplest form as the optimization of the control for one 
hydro and one thermal-electric power generation plant. As 
formulated®”’, it is required to minimize the cost of fuel expended 
for thermal generation F {F^ over the period of time 0 
subject to the constraint that the demand for power Pr must be 
met continuously by the thermal generation Ps and the hydro 
^neration Pb^ 

The relationship between power generated and received is 
given as 

Pk^Ps+Ph-Pl (1) 


The short-range hydro-thermal scheduling problem is 
usually phrased as the search for the discharge function q* (t) 
that results in a stationary value for the integral of fuel costs 
over the optimizing period. 


rr 

Jssminj 


F{Ps)dt 


(3) 


subject to the algebraic constraint equation (1) and the differen¬ 
tial constraint equation (2). These two constraining relations 
may be introduced directly in the integral (3) by the use of two 
time varying Lagrange multipliers 2 and y. The new functional 
to be minimized now appears as 


'- j :{ 


F(Ps)+HPk+Pl-Ps-Ph) 


+y 


(4) 


From the first variation of (4) there develops the Euler-Lagrange 
equation set 

dF 


J. ^Pl\ 

V ^Pb) dV dt 


. „ 


(5) 


( 6 ) 


(7) 


with the associated differential equation (2) and the algebraic 
equation (1). 

The additional boundary condition imposed upon this 
problem is that the endpoints of the reservoir storage are speci¬ 
fied. The problem is thus of the two-point boimdary value type. 
The implication is, of course, that the value of the Lagrange 
multiplier y at ^ — T is non-zero. 

There are, of course, certain operating constraints upon the 
ranges of the variables Psy V, in practical problems. These 
can frequently be set in the form 


Ps^Jt)^Ps{t)^Ps^it) 
4mln(0:^a(0^«max(0 (8) 




PjD is the transmission loss and is a quadratic function of the 
power generated jRet, 

The reservoir acts as an integrator; the rate of change of 
storage dK/d/ is equal to the inflow r minus the sum of the 
outflow q discharged through the hydraulic turbines and the 
non-power generating release S, S may be a planned or controlled 
release, or may be a function of the forebay such as the spill 
that may occur when the forebay exceeds the crest of the reser¬ 
voir. 

The differential equation governing the state of the reservoir 
is given by 

dF 

^=r-e-S (2) 


The Lagrange multiplier y becomes a constant in time for 
the problem in which the hydro-electric output is only weakly 
dependent upon the reservoir storage and the variation of S 
with V is neglected. 

Illustrative System Problem 

Such a problem has been solved by digital computer for 
the Southern California Edison System involving seven hydro 
reservoirs and two equivalent stemn plants. The hydro facilities 
treated included the portion of the Big Creek project shown in 
Figure 1, and the Hoover-Edison plant. The Euler-Lagrange 
equations for this case take the form of simultaneous non¬ 
linear equations: 
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where 


dFn 

dPsn 

9Ps» 



incremental production cost for thermal plant n 
incremental transmission loss for thermal plant n 


iPaj 

^Pl 

^Phj 


incremental water rate for hydro plant y 
incremental transmission loss for hydro plant J 


X = incremental cost of received power 

yj = water rate conversion coefficient for hydro plant J 


A simplified logic flow diagram for solution of these equa¬ 
tions is given in Figure 2 . In the power loop, equations (9) and 
( 10 ) are solved by a Gauss-Seidel iteration method for trial 
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Figure L Schematic profile ofpart of Big Creek project 
(Southern California Edison Company) 


values of X and y^. The lambda loop ensures that the received load 
is served to a desired tolerance. The hour loop indexes the pro¬ 
gramme through the desired number of hours which for this case 
is twenty-four. Next, the withdrawals obtained are compared 
to the desired values. If satisfactory agreement is not achieved, 
new gamma values are simultaneously specified through solu¬ 
tion of simultaneous equations relating changes in withdrawals 
to change in the gamma values. 

This programme has been written in FORTRAN for use 
with the IBM 7090 Monitor System. Ck>mputing titpe for 
production runs varies from 2 to 3 min for a 24 h dispatch. 

Treatment of Constraints 

The constraining relations fall naturally into two classes. 
The first, or equality constraints, have been handled by the use 


of the Lagrange multipliers X and y. The next class is the 
saturation type constraints represented by eqns ( 8 ). These con¬ 
straints come about due to practical operating or physical 
characteristics of the plants. Constraints on generation Ph^ 
or discharge q, do not pose a serious problem. These constraints 
may be handled by the method of Valentine^®, which in effect 
sets limits on the permissible choice for the variable. 



Figure 2, Logic flow diagram for variational solution 

The last of constraints ( 8 ) on the storage, wWch in this 
case is the state variable, poses a difficult question on imple¬ 
mentation of the solution of the Euler-Lagrange equations. For 
this class of point type or saturation type constraints, the 
Lagrange multiplier y has a jump discontinuity as the trajectory 
of V traverses the boundary Fmin or 

In certain practical cases, such as pumped storage hydro¬ 
electric systems, the permissible discharges, q, are limited to 
certain discrete values rather than to a continuous bounded 
range. In this event, the problem must be reformulated either 
in the format of the maximum principle^® or Bellman’s optimality 
principle^^. 

Dynamic Programming Formulation 
Development of Theory 

Dyn^ic programming^’' presents a means for determining 
the optimum discharge schedule by treating the problem as a 
sequence of hourly water allocation problems. For purposes of 
discussion, we again return to the single thermal- and hydro¬ 
plant system. 

In discrete form, the differential equation governing the 
state of the reservoir is given by 

K + i^Vn+rn-qn-S(y;) 

■where Vn = reservoir storage of the beginning of the nth 
interval and 9 ^ are the inflow and discharge during the «th 
interval. 
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The minimization is to be taken over the discrete sum: 

min [f F(PS^1 (12) 

qneQLn-J J 

subject to the process eqns (1) eind (2) and the constraint eqns (8). 
Thus the admissible choices must be in the region Q which 
satisfies the eqns (8). Since is assigned as a fixed terminal 

value, the minimum of the expected fuel cost will be a function 
of the reservoir storage at the start of the interval. 

By forming a sequence of problems of determining the 
optimal allocation of discharge for successively greater intervals 
of time, the optimal schedule for any desired interval is generated. 
By dynamic programming techniques, a recursive relation is 
developed between successive intervals: 

£j(F^)=niinrP(P5;)+mm( £ P(PS„))] 
qjeQL an6a\n=sj + l /J 

=min[P(PSj)+P^+i(F^+i)] (13) 

qjeQ 

but by (11) Vj+i is dependent upon the choice g^. Thus 

Ej (F^)=min \.F(PSj)+Ej^^iVj+rj-qj-SiVj)y] (14) 

For iSvj of course, the choice is constrained to satisfy the 
boundary value A set of (y)j values is assumed for each 
starting interval j and the optimal choice (g)^ for each of the Vj 
determined. 

Straightforward extension of this method to greater numbers 
of reservoirs runs into computational and memory storage 
difficulty, as the expected fuel cost, B, becomes a function of 
the state of each reservoir. Thus, if K alternates are considered 
for each reservoir and there are JH reservoirs, jK^ optimal 
combinations must be determined for each interval. Except for 
very small JC, systems of R equal to three or greater are un¬ 
feasible. An alternate approach!^® is to use successive approxima¬ 
tions in which the search is applied successively to the storages 
in one reservoir while the storage values in the other reservoirs 
are fixed. In this way, improved schedules are found for each 
reservoir in succession. 

Illustrative System Problem 

The dynamic programming method has been applied to two 
series connected reservoirs on the Susquehanna River. Flow 
and storage constraints as well as variable head effects and unit 
commitment effects are considered. 

A simplified flow diagram of the computer logic is given in 
Figure 5. The programme starts from an initial feasible but not 
optimal schedule for plant discharges as functions of time and 
performs a search for improved schedules on each plant in 
succession. 

The search starts at the last time period and moves backwards 
in time comparing alternative discharges that result in minimum 
fuel cost for the remainder of the optimizing period. At each 
time period, a set of reservoir storages is selected and the optimum 
discharge determined for each corresponding storage V plus the 
associated fuel cost, E, for the remainder of the optimizing 
period, T. 

These values are then used to develop a similar set of data for 


the next earlier time period. The search continues xmtil the entire 
operating period is included. The new discharge schedule of 
lower fuel cost is then determined for the particular plant. The 
search then switches to the other plant and the process is 
repeated. The searching continues until the cost improvement is 
less than a pre-assigned value following the completion of an 
iteration. 

The recognition of individual turbines causes the fuel cost 
function E to be multimodal. For such functions the successive 
approximations method runs the risk of converging to a relative 
minimum. Numerical results obtained for this study demon¬ 
strated that the error caused by convergence to a relative 
minimum was inconsequential. 

Although the direct output of the dynamic programming 
method is the optimal schedule of discharges for particular 


Dynamic Programming-Successive Approximations 
PP andL Safe Harbour and HoUwood 
Hydro Plant Schedule Optimization 



Figure 3. Logic flow diagram for the dynamic programming solution 

initial and final conditions of reservoir state, additional in¬ 
formation is available such as the direct determination of the 
incremental water value from the rate of change of expected fuel 
cost, E, with reservoir storage, V. As the time interval for each 
period is reduced, it is readily verified that in the limit the de¬ 
rivative—dECH/dF' is precisely the Lagrange multiplier y of 
the Euler-Lagrange formulation. Typical performance schedules 
are presented in Tables 1 and 2 (see next pages). Tabulations of 
AJS/AF are listed for the two reservoirs in Table 2, 

Table I presents the inflow, discharges, heads, forebays, and 
storages for the two reservoirs. Colunms 2 through 7 are 
associated with the Safe Harbour or upstream reservoir. 
Columns 8 to 13 relate to the Holtwood Plant. The units of 
discharges, storages and inflows are in ft.®/sec^h x 10+®. 

Table 2 presents the hydro-electric generation and the 
incremental water values—AE/AF and thermal generation in¬ 
cremental cost. Other data available from the computer output 
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Table L Hydro Study Results 

GE Programme for Operation of Safe Harbour and Holtwood Hydro Plants 


Study ident No. 25162. Iteration No. 21. Date of this run on computer 32062 


Day 


Sqfe Ho 

irbour Forebay computations 

Holtwood Forebay computations 

Hour 

code 

SqfeHarb. 

inflow 

Elevatn 

of 

Forbay 

Withdm 

from 

storage 

Maximum 

permiss. 

withdrn 

Plant 

dischge 

Plant 

head 

Elevatn 

of 

Forbay 

Withdrn 

from 

storage 

Maximum 

permiss. 

withdrn 

Plant 

dischge 

Spill¬ 

over 

Plant 

head 

415 


226-238 

47-500 

281-000 

25-250 

55-m 

168-942 

24-844 

205-500 

29-206 

0-044 

50-990 

416 

wiD-UUU 

226-514 

34-375 

281-000 

11-875 

57-047 

168-367 

42-094 

205-500 

29-125 

0-000 

50-675 

417 

25-000 

226-671 

26-750 

281-000 

17-375 

57-109 

167-969 

53-844 

205-500 

29*125 

0-000 

50-189 

418 

25-000 

226-289 

45-125 

281-poo 

43-375 

54-863 

168-426 

40-344 

205-500 

29-875 

0-000 

49-860 

419 

25-000 

225-791 

68-000 

281*000 

47*S75 

54-048 

169008 

22-844 

205-500 

30-374 

0-001 

50-140 

420 

25-000 

225-492 

81-250 

281-000 

38-250 

54-306 

169-254 

15-344 

205-500 

30-308 

0-442 

50*586 

421 

25-000 

225-365 

86-750 

281.000 

30-500 

54-641 

169-250 

15-469 

205-500 

29*756 

0-869 

50-972 

422 

25-000 

225-226 

92-750 

281-000 

31-000 

54-469 

169-291 

14-219 

205-500 

28*762 

0-988 

51*463 

423 

25-000 

225-243 

92-000 

281-000 

24-250 

54-882 

169-152 

18.469 

205-500 

27-768 

0-732 

51*879 

424 

25-000 


90-750 

281-000 

23-750 

54-971 

169-070 

20-969 

205-500 

26-039 

0-211 

52-562 

501 

25-000 

225-426 

84-125 

281-000 

18-375 

55-438 

168-988 

23-469 

205-500 

20-836 

0-039 

54-740 

502 

25-000 

22S'1Z2 

70-625 

281-000 

11-500 

56-147 

168-756 

30-469 

205*500 

18-500 

0-000 

55*537 

503 

25-000 

226-158 

51-250 

281-000 

5-625 

57-048 

168-329 

43-219 

205-500 

18-375 

0-000 

55-257 

504 

25-000 

226-563 

32-000 

281-000 

5-750 

57-752 

167-977 

53-594 

205-500 

16-125 

0-000 

55-748 

505 

25-000 

226-947 

13-000 

281.000 

6-000 

58-418 

167-556 

65-844 

205-500 

18-250 

0-000 

54-531 

506 

25-000 

227-198 

0-125 

281-000 

12-125 

58-403 

167-335 

72-219 

205-500 

18*500 

0-000 

54-110 

507 

25-000 

227-200 

0-000 

281-000 

24-875 

57-298 

167-465 

68-469 

205-500 

21-125 

0-000 

52-991 

508 

25-000 

227-200 

0-000 

281-000 

25-000 

57-275 

167-422 

69-719 

205-500 

26-250 

0-000 

50-799 

509 

25-000 

227-200 

0-000 

281-000 

25-000 

57-295 

167-317 

72-719 

205-500 

28-000 

0-000 

49-919 

510 

25-000 

226-833 

18-750 

281-000 

43-750 

55-434 

167-836 

57-719 

205-500 

28-750 

o-ocio 

49-775 

511 

25-000 

226-368 

41-375 

281-000 

47-625 

. 54-680 

168-460 

39-344 

205-500 

29-250 

0-000 

50-109 

512 

25-000 

225-894 

63-375 

281-000 

47-000 

54-197 

169-041 

21-844 

205-500 

29-486 

0-014 

50*599 

513 

25-000 

226-012 

58-000 

281-000 

19-625 

56-017 

168-731 

31-219 

205-500 

28-986 

0-014 

50-973 

514 

25-000 

225-741 

70-250 

281-000 

37-250 

54-647 

168-996 

23-219 

205-500 

29-250 

0-000 

50*825 


are the steam generation and the hydraulic turbine unit commit¬ 
ment. 

One interesting side result of this investigation is the nu¬ 
merical corroboration in discrete form of the theorem^® of the 
time position of the discontinuity of the incremental water value 
AEIAV, due to the junction of the trajectory with a phase space 
boundary. The permissible range of the reservoir storage for the 
Safe Harbour reservoir was bounded in this study. Note that 
during hours 507 to 509 the trajectory for the storage was on the 
boundary. Note further the change in the incremental water 
values AE/AV for the Safe Harbour plant. 

The computer programme for the two reservoir study was 
written in FORTRAN and compiled for the IBM 7090 monitor 
system. Computing time was 1*3 min per iteration on both 
reservoirs for a 168 h optimizing period. The search range for 
this computing time was ten alternate storage withdrawals in 
addition to the initial value for each hour. 

Comparison of Variational versus Dynamic Programming 
Formulations 

The methods of computation employed in the two example 
problems led to two different philosophies of solution. With the 
variational method, the scheduling of water releases always 
followed the Euler-Lagrange equations and hence were always 
‘optimal’ in this sense. The satisfaction of the desired reservoir 
storage endpoint was gained after successively correcting the 
initial values for the stored water. In this sense at each iteration 


the variational method gave an ‘optimal but not feasible’ 
solution converging finally to the optimal and feasible solution. 
Conversely, the dynamic programming method scheduled the 
water releases such that at all times the endpoint values arid 
physical constraints upon the system were satisfied. Thus the 
results of each iteration of the dynamic progr ammin g method 
gave a ‘feasible but not optimal’ solution converging finally to 
the feasible and optimal solution. 

Computer requirements for the two methods differ as well. 
For comparable thermal-hydro problems, the stored programme 
requirements for the variational method are roughly twice those 
for the dynamic programming method. However, the data 
storage requirements for the dynamic programming method 
exceed the requirements for the variational method sufficiently 
to require greater total memory requirements. 

The two methods differ appreciably as well on the treatment 
of physical constraints. Both methods handle point t 3 q)e con¬ 
straints on control variables such as hydro-electric or thermal- 
electric generation with little difficulty. However, treatment of 
point type constraints upon state variables such as reservoir 
storages must be handled differently by the two methods. With 
dynamic programming, no complications arise in recognition 
of state space constraints. This type constraint merely limits the 
search range performed by the computer. With the variational 
method, however, the state space constraints may cause the 
incremental water values to change abruptly at times of junction 
of the state variables with the boundary. These discontinuities 
may lead to difficulties with computational stability. 
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Table 2. Hydro Study Results 

GE Programme for Operation of Safe Harbour and Holtwood Hydro Plants 


Study ident No. 25162. Iteration No. 21. Date of this run on computer 32062 


Day 

Units 

MW of hydro generation 

Incremental water value 

Thermal 

Incremental 

Hour 

Code 

Safe 

Harbour 

Holtwood 

Safe 

Harbour 

Holtwood 

Safe 

Harbour 

Holtwood 

415 


10-000 

102-702 

97-635 

27-500 

7-500 

4-9589 

416 


10-000 

49-357 

96-791 

27-250 

7-625 

4-7228 

417 


10-000 

72-269 

95-808 

27-250 

7-375 

4-7157 

418 

7-000 

10-000 

173-097 

96-879 

27-250 

6-500 

5-6064 

419 

7-000 

10-000 

187-495 

98-521 

26-875 

6*250 

6-1148 

420 

6-000 

10-000 

150-973 

99*346 

26-125 

5*875 

5-5302 

421 

5-000 

10-000 

121-203 

98*938 

25-750 

6-125 

4-9340 

422 

5-000 

10-000 

122-782 

97-412 

24-375 

7-125 

4-3386 

423 

4-000 

10-000 

96-810 

95-329 

23-250 

7*500 

3-8003 

424 

4-000 

10-000 

94-954 

90-805 

23-000 

8-875 

3-4364 

501 

3-000 

8-000 

74-137 

75-638 

22-750 

9-875 

3*1521 

502 

2-000 

7-000 

46-980 

68-156 

22-625 

9*875 

3*0445 

503 

1-000 

7-000 

23-352 

67-346 

22-500 

9-750 

2-9893 

504 

1-000 

6-000 

24-195 

59-641 

22-375 

9-625 

2-9698 

505 

1-000 

7-000 

25-568 

66-003 

22-375 

9-625 

2-9684 

506 

2-000 

7-000 

51-658 

66-414 

22-125 

9-500 

3-0361 

507 

4-000 

8-000 

103-879 

74-276 

22-375 

9-500 

3-2120 

508 

4-000 

10-000 

104-353 

88-506 

23-625 

9-375 

3-5990 

509 

4-000 

10-000 

104-391 

92-304 

27-750 

9-250 

4-6999 

510 

7-000 

10-000 

176-488 

94-035 

29-125 

9-125 

5*3704 

511 

7-000 

10-000 

188-863 

95-953 

28-750 

8-750 

5*8171 

512 

7-000 

10-000 

184-794 

97-526 

28-250 

8-375 

5-8352 

513 

3-000 

10-000 

79-961 

97*033 

27-875 

8-125 

4*9645 

514 

1 

6-000 

10-000 

148-042 

97-409 

27-625 

8-125 

5-2262 


Implementation with Computer Control 

Various analogue computer control arrangements have been 
used to obtain continuous economic allocation of thermal 
generation while simultaneously maintaining system frequency 
and the net tie line flow'^» More recently, combined digital 
computer and analogue control arrangements have been 
conceived. The principal advantage of this combined arrange¬ 
ment over the straight analogue scheme is that, in addition to 
the problem of continuous economic allocation, many problems 
related to the planning decisions and accounting for system 
operation may be also encompassed^^ on a time-shared basis. 
The combined arrangement also permits direct solution of the 
thermal-hydro problem. 

In the operations planning function, the digital computer 
can determine by either the variational or dynamic programming 
methods the value of y (f), the incremental water value for the 
reservoir storage. Wi^ y (/) specified, the on-line dispatch is 
given from the solution of the non-linear algebraic equations (5) 
and (6) subject to the constraining relations given by equations 
(1) and (8). 

Figure 4 presents a schematic of a digital computer and 
analogue control arrangement suitable for this application. An 
analogue system continuously monitors the system frequency 
and power transfer to neighbouring power systems. An area 
centred error is generated proportional to frequency and inter¬ 
change deviation. This error is combined with total unit require¬ 
ment so as to determine the desired syst^ generation. As 


indicated in Figure 4 for Unit 1, analogue circuitry is used to 
determine the desired unit generation based upon a base point 
and participation adjustment. These adjustments are made as 
required by the digital computer. A comparison of the unit 
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Figure 4. Computer controller for thermaUhydro system 


desired generation and the unit actual generation determines the 
unit requirement. Impulses proportional to unit requirement are 
telemetered to the unit control equipment. If desired, proportional 
assist action may be obtained as indicated by the dotted line. 


Conclusions 

Significant improvements in the economic performance of 
thermal-hydro power systems have been achieved by application 
of optimization techniques. Practical solutions and computer 
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programmes have been developed based upon variational 
calculus and dynamic programming for systems of moderate size. 
Implementation by a combined digital computer and analogue 
control arrangement offers an economical and technically 
feasible solution to continuous application of such optimization 
techniques. 

Based upon the work undertaken to date, it appears that the 
extension of optimization method to large-scale systems will 
best be realized by a form of the variational calculus method. 
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DISCUSSION 


K. W. James, Central Electricity Research Laboratories, Cleeve Road, 

Leatherhead, Surrey , 

The three papers in this session, taken in order, are extremely interest¬ 
ing. The first covers the whole field of automatic control of a power 
genera^tion system in a very general style and perhaps raises more 
questions than it answers. The second paper covers the problems raised 
by the installation of an automatic economic load dispatcher and we 
^n see these problems as part of the more general problems discussed 
in the first paper. The third paper deals with a specific problem of 
control, namely that of the economic scheduling of a mixed hydro and 
thermal system. Thus the papers cover the whole aspect of automatic 
control of a power system in differing depths arriving at a specific 
solution to one problem. 

^ The paper by Venikov and Tsukernik stresses, very rightly in my 
opinion, the probabilistic nature of the problems to be faced. Too 
much emphasis cannot be placed on this aspect and its effect on the 
correct formulation of the problems to be solved. Two items which 
have a statistical and probabilistic content concern load measurement 
and load prediction. Another paper which deals with load prediction 
is presented later and it would be interesting to know what other work 
is going on in this field. 

The paper by Ykraos et al. points out the difficulties which are 
encountered when one examines closely the problems which are thrown 
up as a result of the installation of an automatic economic load dis¬ 
patcher. The difficulties mentioned in this paper emphasize the fact 
that when considering the application of automatic control to a system 
many aspects of system control are poorly defined and many measure¬ 


ments are not what they seem to be. Automatic control will be the 
result of a better understanding of the system and possibly this latter 
point may be more important than the achievement of automatic 
control itself. 

Ihe paper by Kirchmayer and Ringlee deals with a specific problem 
and it is much easier to ask questions of the autliors. I am not very 
clear as to how state constraints are dealt with. Perhaps the authors 
could give more details regarding tliis point. 

At this stage it may be worth while mentioning briefly what we are 
doing in the C.E.G.B. in England with regard to the automatic control 
of om power system. 

y/e have installed an on-line security assessor (Figure A) in the 
National Control. This is a mixed analogue digital machine receiving 


Line 

flows 



Figure A. On-line 275 kV security assessor 
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telemetered information about line flows and information about switch 
positions. Using a d.c. superposition method in conjunction with a 
small specially built computer, the security of the 275 kV system is 
investigated for the loss of single or double circuits. Information is 
presented to the operators via an illuminated semi-geographical display 
and typewriter output. The typewriter output has proved to be a suc¬ 
cess with the operators. The semi-geographical display has met with 
a luke-warm reception and is difficult to update* Bxperience with the 
device, so far, shows that updating of the analogue network and the 
semi-geographical display is a major task. 

In our approach to the problem of the control of a power system 
we are taking a more practical path than would seem to be the case 
indicated by the papers presented in this session. We are tackling it in 
two stages. The first will be in the laboratory and the second in the 
field. In the first stage the generating, distribution and load absorbing 
system is represented by a model with a capacity of 40 generators, 
100 lines and 30 loads. This system may be interconnected in any 
suitable manner. It is not intended to reproduce transient effects of 
machines, but it should represent system effects with period of 5 to 
10 sec or greater. Automatic tripping of lines is not included. The 
system can be run in isolation or as a system with boundary effects. 
These boundary effects are obtained via a simulator which consists of 
loads/generators and lines. The simulator has been developed with the 
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Figure B. Laboratory experiment 

aid of load flow studies and should represent quantitatively the effect 
of the boundary flows and any sudden changes in them on the system 
^der study. The loads in the system model and the loads/generators 
in the boundary condition simulator are controlled from a load replay 
unit which utilizes information which has been recorded directly on 
the power system. 'Hie whole system will be controlled from an Argus 
process controller in conjunction with a display console. This latter 
equipment is used for setting up the model manually, ready to be taken 
over by the process control computer. All the individual items of the 
system have worked satisfactorily and they are now being integrated 
as a system. The laboratory set-up is illustrated in Figure B. After 
working in the laboratory for approximately one year, we intend to 
transfer the process controller to ffie field where, in conjunction with 
telecommunications equipment and plant controllers, it will control 
part of the system during , daily operation. 

Some comments on the programmes which we being developed for 
the process controller may be useful; Our approach has been to develop 
special methods for the special problems which arise. These methods 
do not in all cases give the theoretical optima but are expected to give 
results close to these. We have studied the dynamic programming 


approach but have not so far been able to produce a method which is 
practicable in respect of the amount of storage needed and the time 
required for calculation. 

Typical of the programmes being developed for Argus are the 
following: 

(1) Plant Loading Programmes 

These calculate the generator outputs necessary to meet a predicted 
value of required total generation. Optimization is done by ranking 
the generators in order of incremental cost in a so-called ‘order of 
merit’ table. The result produced is consistent with various constraints, 
including rates of acceptance and rejection of load, on generator and 
station outputs and with the need to provide a specified total of ‘spare 
capacity’. It is assumed that generator start-up and shut-down times 
have been calculated previously (manually or eventually on a rational 
basis by a control computer). In the existing programme no account is 
taken of network security except for a feature which allows the output 
of one or more generators at certain times to be manually specified 
so as to cope with expected ‘local’ insecurities. The programme in its 
present form takes no account of line losses but it has been written 
so that this feature can easily be incorporated using a ‘penalty factor* 
method. The principle of this is to estimate the cost of meeting, from 
each generator in turn, a small increase in demand. This enables a 
revised order of merit table to be formed. An iteration loop is set up 
so that an initial schedule is used to calculate a new order of merit 
table, which in turn is used to calculate a new schedule and so on. 

(2) Security Checking Programme 

Given a schedule of generator outputs and the necessary network 
data, this programme checks the network ‘security*. An upper limit is 
specified for the permissible real power flow in each line and the net¬ 
work is said to be secure if no line is overloaded as a result of any one 
of several specified occurrences. The programme uses a d.c. model of 
the a.c. supply network and will check for line overloading following 
the loss of a single generator or the loss of any number of lines. In 
practice, the programme will be used to check security following: 
(a) loss of a generator; {b) loss of certain specified single and double 
circuit lines; (c) busbar faults which result in several lines tripping out. 
The calculation of flows after line outages uses a method which al¬ 
though not developed from Kron’s techniques, is in fact a simple 
application of the method of tearing. 

(3) Network Updating Programme 

The network data stored in the computer must be updated to 
correspond to: (a) actual configuration changes as indicated by tele¬ 
metered information from the supply system (or as read from the 
system model input equipment in the laboratory experiment); (h) pre¬ 
dicted configuration changes which are inserted manually. 

In the d.c. approximation, the network is represented by a set of 
real linear simultaneous equations 

/= TK 

The basic problem is: Given /, find V 

The programme actually calculates Ffrom V = Y^H the matrbc Y-^ 
being permanently stored and updated as necessary to correspond to 
the networks for which calculations are required. 

All network changes can be reduced to combinations of foiir basic 
operations, viz. (a) adding a node; (h) removing a node; (c) inserting 
a branch; (d) removing a branch. 

The stored network data comprises 
(fl() T (h) branch/node connection table; (c) table of line impedances; 

(d) various tables relating busbars to nodes etc. 

The updating of 7"^ is done by a simple application of Kron’s 
method. The updating programme is also used to calculate an initial 
matrix by building up the network from a network consisting of a 
single node. 
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OPTIMAL CONTROL OF THERMAL-HYDRO SYSTEM OPERATION 


H. Ruge, Central Institute for Industrial Research, Forkingsueien I, 

Blindern, Oslo, Norway 

I would like to compliment the authors for their clear and valuable 
con^parison of variational methods and dynamic programming in 
optimal control of hydro-power systems. The work seems to strengthen 
the impression that optimization of larger systems in a more general 
sense, including long-term planning with stochastic inflow and con¬ 
sumption, must be based on some combination of the two methods. 

Concerning the results in Table 2: Is there any obvious reason for 
the larger R-variations in Safe Harbor, as compared to Holtwood? 

My second question concerns your conclusion that ‘significant 
improvements in economic performance’ have been achieved. Working 
in the same field I would like to know whether this statement on 
economic justification is based on systematic comparisons with ex¬ 
perienced operators, or some assumptions concerning the errors in 
‘unoplimized’ operations. 

G. Quazza, Via Giambellino 48, Milan, Italy 

My first question concerns on-line applications of computers to optimal 
control of hydrothermal systems including water reservoirs. The ex¬ 
amples quoted by the authors in their paper refer to off-line computa¬ 
tion of optimum schedules for power generation, while a schematic 
block diagram of possible arrangement for an on-line computer control 
system is indicated in Figure 4, 

Have any on-line applications of computers been made for short- 
range optimum generation scheduling of hydrothermal systems, to the 
authors’ knowledge? While the thermal system computer control has 
had already several years of operating experience, and it is well known 
how many outstanding contributions have been given by Br. Klrch- 
mayer himself also in the practical realization of such systems, we do 
not know of any on-line computer control of hydrothermal system 
now in operation. An obvious problem, posed by on-line computer 
control and not existing in off-line optimization, derives from the fact 
that power demand, not to speak of meteorological conditions, will 
never be exactly equal to the expected demand, on the basis of which 
the variational problem is solved with integral constraint on water 
withdrawals from reservoirs. The computer must be expected to revise 
its optimized schedule, as long as time goes on, say every hour, but 
this can of course be done in several ways. The authors’ comments will 
be appreciated. 

The second question is closely related with the first one. The authors 
state that, no matter whether variational calculus or dynamic pro¬ 
gramming (what about the newly announced variational gradient 
method?) is used, memory requirements on the digital computer be¬ 
come exceedingly large even for simple systems having only a few 
reservoirs. As they quote the use of an IBM 7090, the question arises 
whether today one can consider it feasible in technical economical 
sense to solve optimum scheduling problems for systems with tens or 
hundreds of reservoirs, such as one can frequently find in practice, for 
example in Italy. One may infer that one way or another of simplifying 
the system by equivalent sub-systems must be found: it would be very 
interesting to hear the authors’ opinions on this matter. Further, do 
the authors think that analogue computers, usmg Euler-Lagrange 
equations, may perhaps come back again into the picture, especially 
for on-line applications, with closed loop searching of water equivalent 
costs? Or does the greater difficulty in setting constraints, loy(er flexi¬ 
bility especially as far as function generators and cost descriptions are 
concerned and lower reliability rule out any chance for analogue com¬ 
puters ? 

S. Mitter, Department of Electrical Engineering, Imperial College of 
Science and Technology, London, S.W, 7., England 

The authors have rightly pointed out that state-variable constraints 
present no difficulty in the dynamic programming formulation, but 
one runs into the now well-known dimensionality difficulties. There 


seems to be a certain amount of difficulty in handling state-variable 
inequality constraints in the framework of the classical calculus of 
variation. The authors have also pointed out that state-variable con¬ 
straints may be handled by using a gradient technique and penalty 
functions. 

If the constraining differential equation is linear and if the equality 
and inequality constraints and the cost function are convex, by con¬ 
sidering a discrete approximation, the problem may be formulated as 
a problem in convex programming and solved by the gradient projec¬ 
tion method due to Rosen. I would be interested to know the number 
of state variables and constraints the authors* gradient technique can 
handle and the number of points it was necessary to take in the period 
0 to T, for the problems solved by the authors. 

J. E. IbenschOtz, International Atomic Energy Agency, Kdrntnerringll, 

Vienna 1, Austria 

Have nuclear power stations been considered to be one of the com¬ 
ponents in the system to be automatically controlled, and if so, how 
are they treated in comparison with conventional steam stations? 

M. CujInod, Sociite genirale pour Tindustrie Geneva, 7 pi Claparide, 

Geneve, Switzerland 

The energy produced by the new big thermal plants can be considered 
as very economic provided that production occurs without large and 
quick variations. The hydraulic power plants are very suitable, when 
the storage capacity of their reservoirs are sufficient, to cover impor¬ 
tant load variations without supplementary costs. 

The optimal control criterion given in the paper by Kirchmayer 
and Ringlee takes into account steady-state conditions such as produc¬ 
tion costs and transmission losses. It would be possible to add to this 
steady-state optimal control a dynamic optimal control taking into 
account the cost of the production load variations and the ability of 
tile different plants to cover these load variations. I would be very 
interested to have the opinion of the authors about this suggestion. 

J. Carpentier, Electricitd de France, 12 Place des Etats-Unis, Paris 16^, 

France 

The studies made at the Electricity de France have shown the same 
conclusions as the authors concerning the comparison between dyn¬ 
amic programming and variational methods. 

In the example described with seven reservoirs by the variational 
method how many iterations were necessary? (i.e. how many different 
sets of values of y.) Are the equations relating changes in withdrawals 
to change in the y values full or empty? Does the resolution time of 
this system grow like the third power of the number of plane, or less 
quickly? 

On a more general point, can the authors indicate how the com¬ 
putation time varies with the number of reservoirs ? Is it easy to apply 
the method to a system of 60 reservoirs ? 

In the variational method, it does not seem possible to make an 
account of the time taken by water to go from one dam to the next 
one. Have any attempts bqen made to generalize the variational method 
in this case, or else is it necessary to use dynamic programming? 

L. K. Kirchmayer and R. J. Ringlee, in repl^ 

The methods described have been applied to studies of several different 
power systems. In a number of these-studies, comparisons were made 
of the operating economy achieved by prior methods with that achiev¬ 
ed by application of the optimization techniques. Improvements of 
from 25 to 100 dollars per year per megawatt of Installed hydro 
capacity have been indicated. 

We believe that the variational method is preferable to the two 
methods discussed. More recently a variational gradient method has 
been devised which: (a) handles all constraints; (y) requires significantly 
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less memory than dynamic programming; (c) makes best use of cur¬ 
rent estimates; {d) is computationally very stable. This new method is 
described in a subsequent paper. We believe a systeih of up to 60 fixed- 
head hydro plants may be handled on a computer of the 7090 variety 
with a variational method. 

The plants at Safe Harbor and Holtwood have low heads and the 
Holtwood tail water has an adverse elevation versus plant discharge. 
Hence we believe the P values should be compared on a per unit basis 
at each plant rather than on an absolute scale. Further, for dispatching 
purposes the variations in the difference of P for Safe Harbor and P 
for Holtwood are significant. On this basis the maximum and range 
for the Holtwood P values are 9*875 and 4*000, and for the difference 
in P values at Safe Harbor, the maximum is 20*000 and the range is 
7*375. On a per unit basis the daily range for the Holtwood Reservoir 
is actually the larger. 

Mr. Ruge’s question concerning economic justification is partially 
answered in the reply to Mr. James. 

Savings estimates were based upon comparisons of schedules deter¬ 
mined by standard dispatching practices and by bomputer methods. 
In addition to the fuel savings resulting from instant-by-instant opti¬ 
mal control, savings in fuel costs and manpower are achieved by ap¬ 
plication of the computer on a time-shared basis to the problems of 
operation planning and accounting. A brief survey of these problems 
is given^. 

As Mr. Quazza has indicated, the digital process computer control 
installations to date have been for thermal systems. To our knowledge, 
the first hydro system application will be the system being supplied by 
General Electric for the Bureau of Reclamation to control the water 
releases for the hydro-electric projects of Region 4 of the Colorado 
Storage Project. This installation has visualized the need for providing 
corrections for deviations from forecast, A preplanning programme 
will determine the incremental water values and the reservoir sched¬ 
ules for a period of time in the future. Through means of a predictor 
programme, the computer will compare actual with forecasted water 
usage and make appropriate corrections to the incremental water value 
and unit incremental characteristics. This information will be used in 
the economic dispatch programme to provide an instant-by-instant 
optimum digital dispatch. 

We believe it readily possible to handle tens of reservoirs with the 
GE-412 computer. For hundreds of reservoirs we recommend simplifi¬ 
cation of the system and the use of equipment sub-systems. We do not 
visualize that analogue computers would be as readily applied to this 
problem as digital process control computers such as the GE-412. 
Digital computers are inherently more versatile and can handle a 
number of related problems in operations planning and accounting. 
It is known, however, that one analogue computer system is planned 
for short-range thermal-hydro coordination for the Chubu Electric 
Power Company, Nagoya, Japan. 

Mr. Mitter suggests that’ the thermal-hydro coordination problem 
can be solved as a problem in convex programming. One recent paper* 
reports the results of studies along this direction. Comparisons of the 
computational efficiency of the programming and the variational 
methods would be very useful. How many state variables and con¬ 
straints the gradient method can handle is an open question. To par¬ 
tially answer Mr. Mitter, here is a summary of pertinent statistics of 
a variational gradient sub-routine that has been utilized to study 
pumped hydro-electric installations. 


Max. No. of hydro plants 
Thermal system representation 
Max. No. of intervals 
Max. and min. limits on plant outputs 
Max. and min. limited on reservoir 
storages 

Max. and ‘min. limits on thermal system 
output 

Memory requirements 
(programme plus data) 


6 

Incremental cost function 
168 

Each interval 
Each interval 
(by penalty function) 

Each interval 

5,000 words 


Running time (IBM 7090) 75 iterations in 4 min for runs of 168 
intervals. To follow load patterns adequately it was felt necessary to 
choose time intervals in the range of 1-2 h. 

To date, nuclear plants have been treated only by approximate 
methods. The fuel costs may be classified into two components: 
(a) fixed; {b) dependent upon output. The cost of item {b) influences 
the incremental cost of production which is used in comparing the 
thermal plants. It is anticipated that this incremental cost for future 
nuclear plants will be sufficiently less than the thermal plant incre¬ 
mental costs and that the nuclear plants will initially be base-loaded. 
Additional research effort is to be devoted to this problem. 

Mr. Cu6nod currently points out that the method of the paper 
may be readily extended to include the effect of the cost of imposing 
load changes upon the plant. This solution would require the develop¬ 
ment of data relating ffie cost in additional dollars per hour of fuel 
consumption as a function of the regulating burden placed upon the 
machine. Such data are not readily available. We believe Mr. Cu6nod’s 
suggestion is worthy of additional research. 

We are pleased to have Mr. Carpentier’s concurrence with our 
conclusions concerning the comparison between dynamic program¬ 
ming and the variational boundary iteration method. 

The number of iterations required for the 7-reservoir problem 
solved by the variational boundary iteration method was greatly in¬ 
fluenced by the starting values. For good starting values, convergence 
is obtained in several iterations. The equations relating changes in 
withdrawals to changes in values are full, but the diagonal elements 
tend to be larger than the off-diagonal. 

We would estimate the calculation time exponent to be in the 
range 1*5 to 2*0 with the number of reservoirs, and believe large systems 
of 60 reservoirs may be handled if head variations are neglected and 
sub-grouping is used 

To date, we have not taken account of the time taken by the water 
to go from one dam to the next one. We believe that this problem 
may be treated by the variational method through the use of incre¬ 
mental reservoirs and that it will not be necessary to resort to dynamic 
progranuning. 
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Summary 

This paper deals with the problem of control systems for industrial 
processes. These systems contain learning elements, which are being 
developed in the laboratory of the Faculty of Automatics and Tele¬ 
mechanics-Remote Control of the Moscow Power Institute (MEI). 
The systems are required to solve two problems—the study and the 
optimal control of the plant. Different solutions can be found for 
these problems, depending on the influence of uncontrolled factors. 

If these influences are small it is possible, by means of a supple¬ 
mentary experiment, to draw up a programme for the regulator which 
will conduct the further process under the optimal conditions. If the 
influences siro large, the different control situations are ‘remembered’, 
and control proceeds on the basis of acquired experience, in accord¬ 
ance with the criteria of quality and productivity. 

Two main principles of information storage are used—the table 
principle and the formula principle. The paper gives the statistical 
theory of finding approximating polynomials; this is based on the use 
of the time weighting function of the quality. Also dealt with are 
possible fields of application of control systems with studying elements. 

Sommaire 

Ce rapport traite de la conduite automatique d’installations indus- 
trielles. Les syst^mes envisages comprennent des 6I6ments d’appren- 
tissage, et sont en cours de d^veloppement au Laboratoire d’Automa- 
tique et de T616commande de ITnstitut de I’Energie de Moscou 
(MEI). Ces syst^mes doivent r6soudre deux probl^mes: I’^tude et la 
commande optimale de I’installation, Selon les influences des facteurs 
incontrdlables, diverses solutions peuvent 8tre envisag^es. 

Si ces influences sont faibles, un essai suppl^mentaire permettra de 
programmer le r^gulateur pour conduire I’installation k un fonctionne- 
nient optinqial. Si ces influences sont grandes, les diff6rentes structures 
de commande sont m6moris6es; la conduite se fait alors sur da base de 
rexp6rience acquise, et en accord avec les critferes de quality et de 
productivit6. 

La memorisation de Tinformation utilise deux principes de base; 
tableau et formule. On decrit la theorie de I’approximation polyndmiale 
statistique utilisant la function de ponderation temporelle de la qualite. 
On montre dgalement le champ d’application possible du syst^me de 
conduite avec elements d’6tude. 

Zusammenfassung 

Dieser jBeitrag befaBt sich mit Problemen der Regelung industrieller 
Prozesse, Die hier beschriebenen Systeme enthalten Lemelemente, die 
im Laboratorium der FakuMt fur Automatik, Telemechanik und 
Steuerungstechnik am Moskauer Energieinstitut (MEI) entwickelt 
Worden sind. Derartige Systeme werden bendtigt, um zwei Probleme 
zu 15sen: die Untersuchung \ind die Optimalregelung einer Anlage. 
Fiir diese Probleme sind verschiedene Ldsungen mdglich, die vom 
Einflufl ungeregelter Faktoren abhSngen. 

Sind derartige Einfliisse klein, so ist es mdglich, mit Hilfe eines 
zusatzlichen Versuches ein Reglerprogramm vorzugeben, das den 
weiteren Verfahrensgang imter optimalen Bedingungen abwickelt. 
Sind die Einflusse groB, so „erinnert“ sich das System der verschiede- 
nen Regelungssituationen und die Regelung nimmt auf der Grundlage 
der gewonnenen Erfahrung ihren Fortlauf, wobei Kriterien fur die 
Qualitat und die Produktivitat beachtet werden. 


Fur die Informationsspeicherung werden zwei Grundprinzipien 
verwendet: die Tabelle und die Formel. Der Beitrag enthait eine 
statistische Theorie fixr das Auffinden der Naherungspolynome, wo¬ 
bei die Zeit-Gewichtsfunktion der Qualitat als Grundlage dient. Es 
werden des weiteren mbgliche Anwendungsgebiete fur Regelsysteme 
mit Lernelementen behandelt. 


In the automation of continuous processes in the chemical 
industry (polymerization, fractional distillation, desiccation), 
in metallurgy (blast-furnace processing, rolling), in the paper, 
cement, food, and other industries, and also for the heat treat¬ 
ment of various materials, a number of difficulties are encoun¬ 
tered which are due to incompleteness or lack of a mathematical 
description of the process. 

Knowledge of the physicochemical laws determining the 
process gives only a qualitative idea of the principal relationships 
—^insufficient for automatic control of the process. 

Quantitative investigation of complex processes is carried 
out by experimental statistical methods^-®. As a result of 
mathematical treatment of sufficient information on the process, 
some equations of the connections between the parameters of a 
plant can be obtained. However, the presence of uncontrolled 
disturbances not only determines the probability character of 
these equations, but at the same time leads to the necessity of 
constantly examining them. In controlling such processes, the 
operator is guided to a considerable degi*ee by past experience 
and intuition. 

The algorithm of the functioning of automatic devices, 
designed for the optimal control of a process, must formally 
resemble in many respects the algorithm of control by a man. 
The operator, on taking control of the plant, has only the most 
general information on the nature of the actions required in 
various cases. As work proceeds, control experience is accumu¬ 
lated, and using past experiences definite tactics are worked out 
for use in the various situations. By constant improvement in 
methods of working, control of the plant is learned. In so doing, 
the results of experimental observations on the plant are often 
used, without going into the physical or chemical nature of the 
processes taking place. 

With the object of obtaining fuUer information on the 
controlled plant, the operator sometimes carries out test varia¬ 
tions of the parameters according to a specific programme, and, 
having analysed the results, carries out the appropriate alteration 
to the method of operation. 

Thus the control process can be presented in the form of a 
combined solution of two problems: (a) the study of the con¬ 
trolled plant, and (b) the control of the plant with the aim of 
obtaining the optimal behaviour. 

Depending on the nature of the process, study of the plant 
can precede the development of a control algorithm, be periodi¬ 
cally repeated during the control process, or be organically 
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combined with the control process, providing continuous 
correction of the control algorithm. 

Consider the set-up of the problem of control of the plant 
shown in Figure 7, classifying the parameters of the object of 
control as follows: 

(1) The set of primary controlled parameters of the process 
{the vector X) —^The magnitude of this set of parameters cannot 
be varied by the operator; for instance, the measurable character¬ 
istics of the input item or of incoming components, humidity, 
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Figure 1. Plant 


chemical composition, consistency, and certain indices character¬ 
izing the course of the process, such as change of the condition 
of the equipment, etc. Certain physical restrictions are laid upon 
the values of the primary parameters. 

XsF:, 

where is the region of possible values of X 

(2) The set of secondary controlled parameters of the process 
{the vector jSO—T his characterizes the state of the plant output, 
i.e., the quality of the end product (chemical composition, 
physical characteristics). There is a certain domain J’* where the 
values of K satisfy the prescribed requirements for the quality 
of the product. 

(3) The set of control parameters {the vector Z) —^The operator 
can influence this to vary the process, i.e. flow rate of water, 
fuel or raw material, conveyor speed, and pressure and tempera¬ 
ture in different zones of the installation. 

(4) Index of the efficiency of the processes (/)—In calculating I 
the cost price and productivity of the installation are taken into 
account. The productivity of die proces^ alone can be taken as L 

. (5) The set of uncontrolled effects {the vector lO—This 
includes changes in characteristics of equipment owing to 
ageing, uncontrolled changes in quality of the input components, 
and uncontrolled variation of the process parameters, such as 
ageing of the catalyst. 

In formal terms the process can be described as follows. 
At the plant input there occurs a variation of X. In the plant 
some alteration of the primary, control and uncontrolled 
parameters takes place, the results of which are felt at the plant 
output (X) after the expiration of the time of the technological 
cycle (Tg) peculiar to the plant. 

In the general case, the problem of controlling a process 
reduces to satisfying the following conditions: 


with the interval 0 < t < Tg. Miiiiniizing the departure of these 
functions from some prescribed mode often determines the 
quality of the product. The presence of uncontrolled factors 
and their nature are of the greatest importance in the choice of 
a control system. 

The effect of uncontrolled factors can be partially reduced 
by the installation of a system of stabilizers of the various 
process parameters, which neutralize the effect of random 
disturbances in the control network, and by the implementation 
of control by acting upon the corresponding settings of local 
stabilizers. Complete elimination ot the effect of random factors 
is, however, theoretically impossible. Depending on the value 
of the uncontrolled factors, the control principles can be divided 
into the following three groups. 

(1) Investigation according to a particular algorithm with 
the aim of establishing an optimal law of control, with sub¬ 
sequent realization of this law. 

(2) Optimizing the process by means of a continuous, 
automatic predetermined search for the extremal regime. 

(3) Optimization based on automatic statistical processing 
of experience of control, and application of the learning principle. 

The first control principle finds application when it is 
possible to minimize the effect of the uncontrolled factors. 

When the influence of the uncontrolled factors is considerable 
and the necessary information concerning the plant is lacking, 
the second or third principle of automatic optimization may be 
applied, according to the degree of complexity of the process. 

Work is in progress in the laboratory of the Faculty of 
Automation and Telemechanics of the Moscow Institute of 
Power on the development of all three principles of self¬ 
adaptation of automatic control systems. Some of the questions 
the laboratory is working on are set out below. 

Combined System of Programmed Control 

It often happens that a definite relationship can be established 
between the quality of the product and some index of the regime. 
In these cases it is expedient to implement programmed control 
according to this index, thus securing the required quality of the 
product. This system is feasible if the index in question can be 
related to the number of controlled parameters X. When, owing 
to the complexity of the mathematical description of the plant, 
it is difficult to establish the required law of control according 
to the controlled parameter, the law must be found experimen¬ 
tally. One method for finding this law is to find a parameter T, 
which is uncontrolled under normal control conditions, and 
is such that the quality of the product uniquely depends on it. 

If, during the adjustment time of the process, it is possible 
to control the process temporarily by this index, and if there is 
a definite relation between this index and another controlled 
index by which it is possible to carry out control in normal 
operating conditions, then the solution of the problem can be 
found by a combined system of programmed control. 

Let there be two indices of the coiurse of the process, M and M 
To obtain the requisite product quality it is sufficient that 


KbK, N(x-)eNsir) 

In discrete processes, for every cycle X and X, and also I, are where Ns{r) is the mode prescribed by technological con- 
constants. Bach of the components of Z can be a time function siderations. 
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If during the adjustment time of the process it is possible 
to control the process by N, given a programme NH(r\ it is 
possible to carry out a series of triak, stormg the resulting 
law M (t). After statistical treatment of a series of such functions 
M(t), a law of control can be chosen by M and the required 
law specified Msir), 

Continuation of the process reduces to conventional pro¬ 
grammed control by Mnir), 

Thus in the first part of the control process 


Z(t)=N{x) 


II 

(1) 

In the second part of the process 


s 

II 

(2) 


This control principle is employed in a combined programmed 
controller for the process of induction tempering, in which N (r) 
is the surface temperature of the item, measured by means of 
a thermocouple soldered on to it, and M(r) is the voltage on 


N 



the inductor. To obtain the required quality of tempering, heat¬ 
ing must comply with a given law, for instance, rapid heating 
at constant speed followed by holding at constant temperature 
(curve 1 in Figure 2) or by slow heating at constant speed 
(curve 2 in Figure 2), 

Exact calculation of the variation of the inductor voltage 
corresponding to the required temperature changes involves 
certain difficulties, since it is necessary to solve simultaneously 
three-dimensional Maxwell and Fourier equations for non¬ 
linear inhomogeneous media^. 

Setting the programmed temperature controller according 
to a specified law and ‘remembering’ the variation of inductor 
voltage in the process of temperature control (fuU line in 
Figure 3) make possible the determination of this law experi¬ 
mentally, and a programme can be drawn up for control of the 
tempering process by the inductor voltage (broken line in 
Figure 3), Programmed control of the inductor voltage dictates 
the course of the tempering temperature, thus ensuring th6 
required quality. 


M 



The accuracy with which the temperature process is carried 
out depends on the extent of the influence of the uncontrolled 
factors (variation in material of the billets, of the current 
frequency, parameters of the generator, etc.), When these 
factors are relatively stable, this system for controlling the 
process provides the required quality of production.® 

Control Systems Based on the Learning Principle 

If the uncontrolled disturbances vary continually with time, 
automatic optimizers can be used, which carry out a predeter¬ 
mined search of the extremal regime®"”^®. 

The disadvantage of using optimizers is that often the 
algorithm realized by the system does not match the com¬ 
plexity of the problem of control of many processes simul¬ 
taneously. 

Consider a system of the learning type based on the principle 
of accumulation of positive control experience. It is assumed 
that from the dynamic point of view the plant is a non-linear 
element with pure time delay for every pair of parameters 
affecting its input and output. ; 

The block diagram of Figure 4 shows two interconnected 
blocks, one of which (Unit 1) supplies the control actions, in 
accordance with the method of operation of the process, in 
relation to the values of the primary parameters; that is, it 
realizes the principle of input control (by disturbance). To find 
the required law of control, feedback of the incentive type is 
introduced to signal the results of control, on the basis of the 
values ot the secondary parameters (incentive feedback are 
shown in the figures as a broken line). 

Unit 2 takes into account the values of the secondary para¬ 
meters and trims Unit 1 in accordance with variation in charac¬ 
teristics of the plant. The functioning of Unit 2 is in some degree 



Figure 4. Block diagram of automatic device 
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sima^ to that of automatic control systems which realize the 
principle of control by error. Application of the combined 
principle of control is the most promising method for the design 
of an automatic control device. 

The information stored in the memories of Units 1 and 2 
must, in an int^ral manner, be a mathematical model of the 
process controOed in the best way in a predetermined manner. 
If the imcontroUed disturbances are of a vary ing nature, the 
mathematical model must constantly vary and adjust itself! 

Two methods of information storage are possible—the 
table me^od and the formula method. With the former, the 
information is stored in the form of tables whose contents 
change in accordance with the algorithm governing writing and 
reading. 

Table 1 shows a possible arrangement of the tables applicable 
to Unit 1 and Unit 2. 

In the table for Unit 1 the values of Z are stored at the 
location ot X. When coupled with the vector Z, the index I 


Table I . Information storage in automatic control device 
Unit I Unit 2 



defin^ the efficiency of the process for the prescribed com¬ 
bination of controlled primary parameters and control para¬ 
meters. 

In the table for Unit 2 the values of the vector AZ, that is, 
those values of variation of the control parameters which have 
restored the quality of the product from the state AK to the 
required level /"j, are written in the location of the vector AK 
which characterizes the departure of the quality vector of the 
end product from the specific value. 

With the formula method, the quantitative connection 
between the controlled parameters is fixed in the form of a set 
of equations, in a polynomial form, for instanrA 

For Unit 1, the equation for one of the components of the 
vector has. in the general case, the form (for standardized values 
of the variables®): 

... +a„X„+a„+iXi+ .!. 

(3) 

or in more compact form 

=I n ^ 2 '* (4) 

where 

m 

k^i 

For Unit 2 the equation for one of the components of the 
vector has the form: 

^Zi<=biAKi+...+b„AK„+...+auAK^ (5) 


or in more compact form: 

T,bjfl ( 6 ) 

J -1 *=1 

where 

*=1 

It may be presumed that, by means of a special algorithm for 
writing and reading the current information characterizing the 
MntroUed procMS, it can be said that the automatic devices 
incorporating either the formula or the table principle will be 
in some sense equivalent. 

In whichever form the information may be stored, there 
must be an algorithm allowing processing of the incoming 
information in such a way that the contents of the memory 
express in the best way possible the current model of the con¬ 
trolled prexess. In the following an algorithm realizing the 
formula principle is considered. 

Control Algorithm 

The control algorithm is based on three coefficients: 
(a) prediction coefficient; (b) time weighting coefficient; and 
(c) quality weighting coefficient. 

Prediction Coefficient 

The higher the power of the approximating polynomial, the 
more precisely can the main connections in the plant be de¬ 
scribed. However, with increase in the power of the polynomial 
there is a considerable increase both in the complexity of the 
programme Md in the time for calculating the coefficients. 
A criterion is needed which makes it possible to evaluate 
quantitatively the precision with which the polynomial obtained 
approximates the actual relationship. This criterion is called 
the prediction coefficient since with its aid the dependability of 
the polynomial when used in the domain of the variables which 
have not yet been encoimtered can be evaluated. 

The coefficients of the polynomial are determined from the 
minimum of the mean square of the approximation. 

Use is made of the method of bringing a multiple non-linear 
correlation to the linear form®. 

The whole set of parameters X entering into each term of the 
polynomial eqn (4) is regarded as an independent parameter 

n (7) 

then eqnr(4) has the form 

H 

Zi=^Ea^6y (8) 

The auto-correlation coefficient of equ (8) is found and 
expressed in terms of the auto- and cross-correlation coefficients 
of the variables 

T 

ZZ} r . 

(9) 

f-i 
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where 


k 


T 

i : 

=if jg 




and T is the number of successive measurements of the 
variables. For convenience of analysis, eqn (9) is normalized, 
selecting as the norm the dispersion 


Zzlj 


where Zq^ is the observed value of the function. 
Dividing eqn (9) by eqn ( 10 ) gives 


( 10 ) 


K. 


D 


T 

Z2 £=Mi«l) 


Zo 


'Zo 


( 11 ) 


1 ^ ““ both sides of eqn ( 11 ) are identically equal 

to one. 

In fact, the following inequality holds: 


^siej 

_ 1 

^Zo 




( 12 ) 


since by determining the coefficients of the approximating 
polynomial by the method of least squares a ‘smoothing* is 
produced, the magnitude of which depends on the power of the 
polynomial. 

The quantity 0 quantitatively expresses the degree of the 
probability prediction, i. e. the quality of the approximation. 

Fixing a definite degree of prediction (0 — 1 ) and passing 
successively fromp 1 top = 2*3 etc., the system will cyclically 
check the actual degree of prediction by eqn ( 12 ), and seek the 
correlation 0 ^ 0 ^. 

It is also expedient to estimate the weight of each term of 
the polynomial. This can be done with the aid of the coefficient 


correlation coefficient is calculated with respect to T previous 
values of the paired products 


2 

= y - (14) 

where AT is the serial number of the measurement. 

The disadvantages of this method are the presence of a 
‘transient process’ in the calculation of the correlation coefficient 
(for N < T), and the necessity for storing in the memory all 
the values of the paired products used for calculation. 

A method of continuous weighting is possible, for which 
each paired product is multiplied by a weight function of the form 

(15) 

where N is the serial number of the last cycle; i is the serial 
number of the information for which the weighting coefficient 
is being calculated; and « < 1 is the coefficient of time weighting. 

It CM be shown that when the weighting'function is intro¬ 
duced like this it is sufficient to store only the resulting value of 
the correlation coefficient for the (N — l)th cycle. 

In fact: 

(*‘'**)'^““JV/(G») 

where/(C7 5 ) is a coefficient taking into account the attenuation 
of the information summed up in the numerator of eqn (16). 
Putting (^^ = (fij efc )2 + ... = (si sj^y the values 

of the coefficient 

N 

Hence, substituting eqn (IT) in eqn (16) gives 


(13) 

Zo 

Setting the minimal level for the coefficient it is 
arranged that after each operational cycle, Pi is calculated for 
all the terms. Terms with Pi < p^ are eliminated from eqn ( 8 ), 
freeing the equation from weakly expressed connections of 
secohdary importance. 

The coefficients of the approximating polynomial are 
functions of the auto- and cross-correlation coefficients for the 
variables and the approximated quantity Zq^®. 

Coefficient of Time Weighting 

Owing to the imstable nature of the vector Yy the coefficients 
of the approximating polynomial must continually vary. The 
object of time weighting is to calculate the new values of the 
paired products of the variables which determine the correlation 
coefficient with a greater weight than the previous one, and 
gradually to forget the past values. The simplest method of time 
weighting is that of the sliding interval. With this method the 


= = - 


N 

i-t 


N 

Ea«-‘ 




Call the total coefficient of attenuation per cycle 


( 18 ) 




-I 


Then 




JV-l 


Ljv=« Y, 0^ 


Bearing in mind that 


N-l s 


E 


write 


(Jr \ (^ei8fc)jy-i + 


(19) 


( 20 ) 
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Thus to calculate the correlation coefficient in the Mh cycle 
the value of the correlation coefficient in the (iV--l)th cycle 
must be stored, and also the total coefficient of attenuation in 
this cycle. 

If N tends to infinity, the limit value (Ksi bj^) is given by 

^ ® (^ej«k)jv -1 + (1—a) (21) 

since 


It must be remembered that the calculated correlation 
coefficients are modified indices of the interconnection of two 
random functions. It is therefore more accurate to call these 
coefficients pseudocorrelation coefficients^*. 


accordance with the variation of the statistical characteristics 
of the vector of the uncontrolled factors. 

In fact, in the periods of time in which a variation of the 
vector Y takes place it is necessary to secure the quickest 
possible renewal of the memory (to decrease a), to reduce the 
power of the polynomial and simplify its form (to decrease Sq 
and ^o) and to increase the significance of a successful control 
trial (to increase ^o)* 

It appears that the difficulties of the problem are insuperable, 
since the vector itself does not enter into the polynomial in 
explicit form; however, some approaches to its solution may 
be noted. 

As an indirect measurement of the variability of the vector, 
the mean square of the variation of all the correlation coefficients 
in one cycle of calculation can be taken 


Coefficient of Quality Weighting 

Besides being weighted for time, the information arriving 
from the plant must be weighted for quality. In other words, 
evaluation of the information must depend on the magnitude 
of the technical and economic index to which it corresponds. 

The introduction of quality weighting allows purposeful 
accumulation of information with deliberate ‘reinforcement’. 
Although the polynomial so calculated approximates the inter¬ 
connection between Z and e in a distorted form, its value lies 
in the fact that it expresses the control problem. 

In the general case, the quality index p is a'function 

p^q>(k,I) 

Introducing the coefficient of quality weighting g, which 
depends on the value of the quality index p, g = G* (p) 

g=0 when p<pQ 
0<g^l when p^pQ 

where Po is some specified level of the quality index. 

Tai^ into account weighting with respect to time and 
quality, the correlation coefiicient is writtoi in the form 








(24) 


where 0 is the number of correlation coefficients subject to 
calculation, and 


g_ g(H-l) 


(25) 


where m is the number of terms of the approximating polynomial. 

To average this evaluation and to eliminate the effect of 
disurbances of short duration, a quantity A, calculated from 
a finite number of cycles in the sliding interval of the average, 
can be used. 

The evaluation can also be continuously averaged with the 
aid of time weighting, as in eqns (20) and (21). 

Using the evaluation of the non-stationary vector it can 
be connected with (in linear form, for instance) the coefficients 
^o> Poi ^ which control the maffiematical model of the con¬ 
trolled process. 


Realization of the Algorithm of Control 


JV-l 


^-;;;- 




Using the notation 


as with eqn (20) gives 


1*1 




/K \ _ og-Rjy-1 (KisQn-i + (^fgfe)iy gN 


As an illustration. Figure 5 shows a programme of the 
functioning of a learning system of the formula type (without 

(22) automatic trimming of Pq, a, g). 

The programme is realized by means of a digital computer. 
The programme envisages random search for AZ in the case 
when application of the recommendations held in Unit 2 does 
not lead to the required result. 

The memory device is divided«into two blocks, independently 
dealing with only the primary or only the secondary parameters 
of the process, in contemplation of linear introduction of the 
control parameters into the general connection equation; 

(23) that is, automatic devices of this design are best used with 
plants whose connection equations have the form 


Selection of the Control Coefficients 

The introduction of the coefficients ot, g makes it 

possible to work out the current mathematical description 
securing the best control of the process. The success of the work 
depends to a considerable extent on the correct choice of 
numerical values of the coefficients. The system must be capable 
of automatically varying the values of these coefficients in 


50] (26) 

J 

where Fn and F^i are any functions of the primary parameters 
and uncontrolled factors Y, 

Depending on the characteristics of the process, and in 
particular on the nature of the variation of the uncontrolled 
factors (vector Y\ and also depending on technical and economic 
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Figure 5. Programme of formula-type automatic device 

if ^<5 2: (^culation of parameters Z, from eqn (3); 3: action upon plant; 4: input and analysis 

iff f 0 * ? calcdation of coriecUon AZi from eqn (5); 7: action upon plant; 8: input and analysis of Ki+i 

nd//+i, 9. random search for process input ^Zt+i; 10: conversion of and f)zo; 11: change of control coefficient 

[eqns (3) and (5)]; 12: stop 


considerations, the mode of operation may be continuous, 
cyclic or one-time. 

With continuous operation, the automatic device is connected 
with the process permanently, and learning is continuous. This 
mode of operation is suitable for processes in which the uncon¬ 
trolled factors vary continuously and substantially. 

The cycle mode of operation consists of periodic connection 
of the automatic device to the plant for correction of the law of 
control. The interval of time during which automatic control 
is c^ied out by a rigid programme worked out by the automatic 
device is determined by the periodicity of the variation of the 
uncontrolled factors. In this method of operation, the device 
can serve several processes at the same time. 

The one-time mode of operation can be successfully applied 
during running-in tests of technological processes for which 
variation of the uncontrolled parameters is small. A final mathe¬ 
matical description of the process worked out by the device 
is used for further control of the process in the form of flow 
charts, for the simplest programmed control systems realizing 
the law of control obtained. 
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DISCUSSION 


T. J. Williams and R. Otto, Monsanto Chemical Company, 800 North 
Lindbergh Boulevard, St. Louis 66, Missouri, V.S.A, 

I would like to make some comments on the paper. Perhaps it would 
be correct to state that the Unit 1 of the automatic device acted in 4 
feedforward manner to control the process while the Unit 2 part acted 
in a feedback fashion to correct the operation of Unit 1. 

It appears that Tabic 1 is incorrect in its list of the outputs of the 
units of the automatic control device, A more correct diagram might be: 


^nit 1 Unit 2 


Xt 

Zi 

AJKi 

AZi 

X2 

z*' 

AKi 

AZ, 


Eqn (3) indicates that the X"s are individual variables. There should 
thus be only one correction vector Z for each variable which might 
be out of desired limits. There is no reason to midtiply Zhyl since by 
definition / is already a measmre of process efficiency. 

The paper sets up some of the principles and potential methods 
of attack of problems in setting up automatic optimization and self¬ 
adaptation systems by the Faculty of Automation and Telemechanics 
of the Moscow Institute of Power. However, it does not present any 
results or statements of progress on any of the methods described. It 
would be very helpful if the authors would supply these. 

This paper lists several methods of attack which are fairly well 
known in the automatic control literature. It would be much more of 
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a contribution if the authors would present a critical evaluation of the 
methods they propose with perhaps an actual example of the appli¬ 
cations to which they could be applied. 

A. V. Netushil, in reply 

I should like to thank Mr. Williams for these very helpful comments. 
As for the remarks related to memory units 1 and 2,1 should only 
mention that while expelling a yield coefficient and series of z and AZ 
values for every ^ven address of the memory there is no possibility to 
choose statistically the optimal mode of control and learning of a 
system. That is why the proposal of Mr. Williams cannot be accepted. 
As for a practical application the first device in question was used in 
industrial systems of high frequency heating. The results were publish¬ 
ed by Mrs. Kolomeitseva in Technical Cybernetics, No. 1 (1963). 


The second more complicated control system with statistical 
method of selection of control signal value is a further development of 
the automation which simulates an optimal behaviour in an unknown 
environment. This automation was designed at our laboratory and was 
referred to in Mr. Task’s paper. Mr. Brainess and Mr. Walpalkov took 
part in the development. At the present time we are trying to find a 
practical solution to the problem and we hope that a special purpose 
device designed at Moscow Power Institute will help. It is possible to 
use these general purpose control systems, e.g. ‘Dnipro’, designed by 
Mr. Malinovsky, who is participating at this Congress. More detailed 
information on the basic automation principles can be found in the 
Moscow Power Institute Proceedings No. 44 (1962). I do not know 
any other paper where similar automatic devices are described; if 
Mr. Williams knows of such, I would be grateful for the references. 
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Principes et R6alisations des Automatismes li6s a la 
Manutention de Combustible d’un Reacteur Nucl^aire 

P. TURPIN et J. THILLiEZ 


Summary 

The article describes the electric and electronic solutions adopted for 
solving, in a modern manner, the problems in handling fuel cartridges 
in a nuclear reactor of the graphite gas type. 

The reactor comprises about 2,500 channels containing, in all, 
30,000 cartridges of uranium. The moderating element is the graphite, 
and cooling is provided by COg under 28 kg/cm^ of pressure. 

The main difficulties to be overcome are: the large number of 
elementary movements to be controlled (more than several thousands 
for one handling cycle for 34 cartridges); the great accuracy required 
by the latest improvements; and the fact that these handling oper- 
ations must be carried out while the reactor is working, that is, at a 
temperature of 350® and under a COg pressure of 28 kg/cm®. 

Automation had led to the use of a console desk comprising very 
few control levers by which the whole handling circuit is directed. The 
paper describes the different solutions based on digital programmers 
with punched tapes, with analogue and numerical servomechanisms 
which have made it possible to solve this problem. 

Sommaire 

La communication d^crit les solutions 61ectriques et ilectroniques 
adoptees pour resoudre de manidre modeme les probl^mes de manu¬ 
tention des cartouches de combustible dans un reacteur nucl6aire du 
type graphite gaz. 

Le reacteur comprend environ 2.500 canaux contenant au total 
30.000 cartouches d’uranium. Le mod^rateur est le graphite et le refroi- 
dissement est assure par du gaz carbonique k 28 kg/cm^ de pression. 
Les principales difficultds k surmonter sont le grand nombre de mouve- 
ments 616mentaires a provoquer et contrOler; la grande pr^ision re- 
quise pour certains positionnements; le fait que ces op6rations doivent 
atre accomplies le reacteur atant en marche, c’est-^-dire k une tempera¬ 
ture de 350® et sous une pression de 28 kg/cm®. 

L’automatisation conduit k la conception d'un seul pupitre com-* 
portant le minimum des commandes k partir desquelles toute la manu¬ 
tention doit atre dirigae. La solution d’ensemble atudiae par la Com- 
pagnie Gandrale d’Automatisme comprend des programmateurs numa- 
riques k bandes perforaes et des servomacanismes analogiques et nu- 
mariques utilisant les informations distribuaes par les programmateurs. 

Zusammenfassung 

Der Aufsatz beschreibt die mit Hilfe von elektrischen und elektro- 
nischen Mitteln eingeschlagenen Wege zur Lbsung der Probleme bei 
der modernen Handhabung von Kern-Brennelementen in einem gas- 
gekiihlten Graphitreaktor. 

Der Reaktor enthait etwa 2500 KanMe mit zusammen 30000 Uran- 
brennelementen. Der Moderator ist Graphit und die .Kuhlung ge- 
schieht durch COg mit einem Druck von 28 kp/cm^ 

Die zu tiberwindenden Hauptschwierigkeiten sind: die groBe An- 
zahl der zu regelnden elementaren Bewegungen, die Notwendigkeit 
groBer Genauigkeit fur bestimmte Stellungen und der Umstand, daB 
die Vorgange wShrend des Betriebs des Reaktors, d. h. bei Tempera- 
turen von .350®C und einem Druck von 28 fcp/cm® erfolgen mtissen. 

Die Automatisierung fuhrte zu einem Steuerpult, das mit einem 
Minimum von Schalthebeln die gesamte Steuerung betati^. Der von 
der Compagnie Ganarale d’Automatisme erprobte Steue teil umfaBt 


digitale Programmiereinheiten mit Lochstreifeneingabe sowie analoge 
und digitale Nachlaufregelgerate, die die von der Programmiereinheit 
erhaltene Information weiterverarbeiten. 


Introduction 

Au cours des dix demiares annees, nous avons pu assister k 
I’utilisation de plus en plus fraquente des techniques de I’auto- 
matisme pour rdsoudre des probiames industriels dailcats. 
Une utilisation judicieuse de programmateurs et de servomaca¬ 
nismes conduit k une centralisation des commandes et k une 
diminution notable du personnel nacessaire. 

Nous allons dacrire ci-dessous un exemple caractaristique 
d’application de Tautomatisme. Le probleme k resoudre est 
Tautomatisation complete de la manutention des cartouches de 
combustible dans un raacteur nuciaaire de puissance. Cette 
automatisation doit conduire a la conception d’un pupitre 
unique comportant le minimum de commandes, k partir des¬ 
quelles toute la manutention doit pouvoir etre dirgde. 

Caracteristlques Ginirales du Macteur Considiri 

Le combustible utilisa est I’uranium naturel. Le graphite est 
utilisa comme moddrateur. Le fluide de refroidissement est le 
gaz carbonique k 25 kg/cm^. Le nombre des canaux est 2.479. 
Le combustible est constitue de cartouches d’uranium naturel 
gatnees au magnasium et supportaes par des chemises cylin- 
driques en graphite. Chaque canal. comporte 12 cartouches 
d’une hauteur de 60 cm. 

Le modarateur est constitua par un empilement de briques 
en graphite ayant la forme de prismes droits. Le caisson d’acier 
a un diamatre de 18,3 m. Son apaisseur est de I’ordre de 95 mm 
et il pbse environ 1.300 tonnes. Le chargement-dachargement 
du r^cteur se fait par la partie suparieure en marche et sous 
pression. L’appareil de chargement comporte quatre machines 
se dapla 9 ant sur un systame de pont tournant et de voies radiales. 
La premiare de ces machines appeiae ‘machine auxiliaire’ permet 
la mise en place du bras articuia dasservant chacun des canaux. 
Deux autres de ces machines appeiaes ‘machines principales 
de chargement’ se succadent sur le bras ainsi placa. Elies retireht 
les cartouches usagaes et les remplapent par des cartouches 
neuves. La quatriame machine est appeiae ‘machine de 
dapannage’. 

Descriptiqn Sommaire de la Manutention {voir Figures 1 et 2) 

Puits et cellules — Les canaux du raacteur sont dasservis 
par 85 puits de chargement-dachargement. La dalle suparieure du 
raacteur comporte done 85 ouvertures. Chacun des 85 puits 
permet le chargement-dachargement de 34 canaux du raacteur. 
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L’association de 34 canaxix d6sservis par im m6me puits s’appelle 
une cellule. 

Machine Auxiliaire — La machine auxiliaire, dont il a dt6 
parld pr6c6demment, vient d^poser le bras de chargement dans 
le puits qui a 6t6 choisi. Cette operation se fait dvidemment sous 
pression et k chaud pendant le fonctionnement du r^acteur. 
La machine auxiliaire comporte mi magasin tournant appeld 
barillet dans lequel peuvent 6tre stock^s des bras de chargement 
ou des bouchons de protection, et un treuil de manutention 
permettant la depose ou I’enl^vement des organes stock^s. 
Quand la machine auxiliaire a depose le bras, elle est 6vacu^ 
sur une voie fixe appel6e voie nord, et elle est remplac^e sur le 
r^cteur par une machine principale. 

Machine Principale — Elle comporte un magasin fixe dans 
lequel peuvent 6tre stockes des cartouches neuves, des car- 
touches irradi6es, et des bouchons de protection, Elle comporte 
un treuil appel6 treuil de manutention dont le cable se termine 
par le manipulateur de manutention. Le manipulateur est 
descendu k travers le conduit form6 par le canal central du 
magasin de la machine, le bras de chargement place dans le puits 
jusque dans le canal choisi oh il va accrocher la cartouche 
irradide sup6rieure; cette cartouche est remont^e jusque dans 
la partie superieure de la machine, et un organe mecanique 
appeld potence de distribution place cette cartouche dans un 
canal du magasin. Toutes les cartouches usag^es du canal du 
r^acteur sont ainsi retirees. Quand le canal a 6i6 vid6, le mani¬ 
pulateur prend les cartouches neuves dans le magasin de la 
machine et les depose une k une dans le canal. 

Toutes les operations indiquees ci-dessxis se font dvidemment 
sous pression et en temperature. Un organe mecanique complexe 
appeie fourreau amovible permet I’accoupleraent de la partie 
inferieure de la machine au puits du reacteur considere. Quand 
la machine de chargement a termine le travail sur le reacteur, 
elle est evacuee par le pont tournant sur une voie fixe appeiee 
voie est; elle se positionne en une position bien precise qui 
permet Taccouplement au systhme d’evacuation des cartouches 
en piscine. Ce systhme d’evacuation comporte un magasin 
intermediaire desservi par un bras de manutention dans lequel 
les cartouches sont provisoirement stockees, de fa^on qu’elles 
se refroidissent. 

Un systeme de sas appeie sas d’evacuation en piscine permet 
de faire passer ulterieuremerit les elements irradids refroidis de 
I’atmosphere de gaz carbonique k 25 kg/cm® k la pression 
atmospherique. Tout cet ensemble s’appelle batiment de com¬ 
bustible irradie (BCI). 

Un systdme de sas appeie sas d’introduction des elements 
neufs permet de faire passer les cartouches neuves de la pression 
atmospherique k la pression de gaz carbonique de 25 kg/cm^. 
Le treiiil de la machine principale prend un h un ces elements 
neufs et les place dans le magasin; la machine principale est alors 
prdte pour une deuxidme operation sur le rdacteur. 

Quand la machine principale a quitte la voie fixe, un treuil 
appeie treuil auxiliaire est amend sur le BCI. Ce treuil auxiliaire 
prend les elements irradids se trouvant dans le rdservoir de 
refroidissement intermediaire et les dvacue en piscine grfice aux 
sas d’evacuation en piscine. 

CaractMstiques du Probleme d Risoudre 

La capacite du magasin de la machine principale permet de 
Stocker 56 cartouches et fausses cartouches. Quand la machine 


est sur le rdacteur, elle retire 56 dldments irradids et les remplace 
par 56 dldments neufs. Dans cette operation, les organes suivants 
interviennent: le treuil de manutention de la machine principale; 
la potence de distribution; le bras de manutention; le systdme 
dlectro-pneumatique du fourreau amovible, et les organes dlec- 
triques de liaison avec la detection de rupture de gaine, etc. 

Appelons par exemple, mouvement dldmentaire la montde 
du manipulateur du niveau infdrieur au niveau supdrieur, ou le 
mouvement inverse, ou bien un ddplacement de potence, ou bien 
un ddplacement d’un organe quelconque. Le travail d’une 
machine principale sur le rdacteur comporte plus de 1.000 
mouvements dldmentaires. Le travail d’une macWne principale 
sur le BCI comporte environ 1.000 mouvements dldmentaires. 
Le travail d’un treuil auxiliaire sur le BCI comporte environ 
1.200 mouvements dldmentaires. 

Nous voyons done, une caraetdristique essentielle du pro- 
bldme posd: la grande quantite de mouvements dldmentaires 
(presque 5.000) que ndeessite un aller et retour de machine sur 
le rdacteur. La deuxidme caraetdristique du probldme est la 
grande precision exigde par certains positionnements: 

2 

pont tournant: ± soit environ une minute d’angle 

0,7 

bras de manutention: ± soit environ 30minutes d’angle. 

A titre de comparaison et de point de repdre, nous rappelerons 
que I’antenne cornet de telstar est positionnde avec une precision 
de la minute d’angle. 

Caraetdristiques Gdndrales de la Solution Adoptde 

La solution adoptde fait appel aux technique dlectriques les 
plus diverses: 

(a) techniques classiques: disjoncteurs, contacteurs, relais; 

(Jb) techniques modemes expdrimentdes: servomdeanismes 
industrieis; 

(c) techniques modemes moins souvent experimentdes: pro- 
grammation digitale, programmateurs k bande, en gdndral d 
base de semi-conducteurs; 

{d) techniques de I’installation proprement dite: le choix des 
cfibles et de certains dldments comme les contacteurs de fin de 
course ont posd beaucoup de probldmes. En eflFet, d’une part la 
place disponible est restreinte, d’autre part, il faut tenir compte 
des conditions de tempdrature, de radiations et de pression. 


Figure 1. Vue en plan du rdacteur —> 
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A Machine de chargement 
B Voir detail du patin 
C Chariot de machine 
D Voir detail du passage de la fosse 
B Pont townant 


Figure 2, Coupe est-ouest du riacteur 
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PRINCIPES ET REALISATIONS DBS AUTOMATISMES LIES A LA MANUTENTION 


DE COMBUSTIBLE D’UN R^ACTEUR NUCLl^AIRE 


Difficultis du Problkme 

Le probldme de la manutention s’est r6y6l6 d’une grande 
complexitd et par suite, toute solution donnde est in6vitablement 
complexe. Nous avons choisi une solution raisonnablement 
moderne, respectant au maximum les principes de s^curite. 

La quantite de materiel mise en oeuvre est grande. Si nous 
plaQons c6te k c6te les bales d’61ectronique, de relais et de con- 
tacteurs, nous obtenons un tableau d’une longueur de 180 m et 
d’une hauteur de 2 m. 

Par suite, k c6t6 de probl^mes relevant d’une technicite 
61ev^e nous avons eu k r6soudre un certain nombre de probl^mes 
concernant la realisation du materiel et son installation de fagon 
k eviter les parasites, les interferences de fonctionnement ou les 
mauvais contacts. 

Techniques Utilisies 

Comme dit precedemment, elles sont les suivantes: 

techniques sensiblement classiques^ c’est-i-dire, celles des 
disjoncteurs, des contacteurs et des relais. Elies ont ete utilisees 
pour resoudre les probiemes suivants: la distribution des sec- 
teurs 380 V 50 periodes et 127 V continu; I’automatisme local 
des 14 sas;* la commutation des trainards des machines, et la 
commande des circuits pneumatiques. 

^ Mais la quantite de materiel mise en oeuvre est k souligner. 
Par exemple, I’autoniatisme local des 14 sas necessite environ 
600 relais et contacteurs et 14 cycleurs mecahiques k 12 pas. 
Par suite, bien que ces techniques soient classiques, la crainte 
des mauvais contacts et des pannes nous a pousse k prendre des 
precautions un peu inhabituelles. 

La technique des servomicanismes industriels. Un certain 
nombre d’organes sont positionnes au moyen de servomdcanis- 
mes, parce que les mouvements doivent 6tre ex6cut& avec une 
grande precision dans un d61ai relativement bref. 

Les servom6canismes utilises sont du type industriel. Ils sont 
diflterents des servom6canismes de calculateurs: ils sont plus 
robustes; leurs performances dynamiques sont moins pouss6es, 
et les puissances mises en jeu sont plus 61ev6es Va cv a 50 cv 
dans le cas present. 

Nous avons utilis6 deux sortes de servomdcanismes: 

(a) Les servomicanismes analogiques: Ils ont ete largement 
utilis6s pour resoudre les probiemes suivants: positionnement 
du pont tournant; positionnement des chariots, et positionne¬ 
ment des bras de manutention, etc. 

La precision du positionnement peut 6tre th6oriquement 
trks grande si I’on augmente le gain de la chaine, et si la bande 
passante est satisfaisante..EIle est pratiquement limitde par les 
jeux m6caniques. La Figure 3 nous indique le principe de fonc¬ 
tionnement d’un tel servomdcanisme. 

{b) Les servomdcanismes digitaux. Leur technique est plus 
r6cente que celle des servomecanismes et par suite moins connue. 
Ils pr6sentent toutefois I’avantage d’utiliser sans transformation 
1^ informations donates par un programmateur lui-m6me 
digital. Nous les avons utilises pour resoudre le probl^me du 
positionnement de la potence de distribution ou du treuil de 
manutenuon. La Figure 4 montre le principe d’un asservisse- 
ment de position digital. 

La Technique de la Programmation et des Programmateurs — 
Le travail des machines principales ou de la machine auxiliaire 
sur le r6acteur ou sur le BCT necessite plusieurs milliers de d6- 
placements 616mentaires, comme nous I’avons vu prdcddemment. 



Figure 3, Principe d^un seroomecanisme anaiogique 


Tous ces mouvements 616mentaires sont reproduits identique- 
ment si une machine recommence un travail identique sur le 
m6me puits du reacteur ou sur un puits voisin. Une intervention 
hiraaine k chaque mouvement est inconcevable. Par suite, un 
tr^ important probl^me de stockage et des distribution d’infor- 
mations a du 6tre r6solu. De plus I’utilisateur desire avoir la 
possibilite de modifier sans difficult^ le mode de chargement- 
dechargement. Par suite, le programmateur k bande perforce a 
et6 choisi comme organe de distribution d’information. II 
permet un changement de programme facile, et un fonctionne¬ 
ment pas a pas facile. En effet, il doit diriger une succession de 
mouvements dont la duree n’est pas n^gligeable, et le d^place- 
nient de la bande n’est done pas continu. 

Deux sortes d’informations sont distributes sous forme de 
signaux tlectriques representant un code binaire: (a) les in¬ 
formations d’adresse, et (6) les informations de niveau. 

Toute la manutention est commandte par cinq programma¬ 
teurs k bande perforte. 

Decoupage de rdquipement Electrique 

De fagon k faciliter la rtalisation du mattriel et son installa¬ 
tion, 1 tquipement tlectrique a ttt divist en un certain nombre 
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d’ensembles appel6s ensembles fonctionnels. Leur nombre est 
environ 80. Par exemple, Tdquipement dlectrique recevant des 
instructions d’un programmateur et commandant les mouve- 
ments d’un bras de manutention est: Tensemble fonctionnel du 
bras de manutention. 

Les ensembles composant I’^quipement electrique peuvent 
6tre divis^ en quatre groupes: 

(a) les ensembles non programmes par un programmateur 
digital, mais coraportant des asservissements. C’est par exemple, 
le cas de I’ensemble de positionnement du pont-toumant 
(Figure 5) ou des ensembles de positionnement des chariots. Ces 
mouvements sont commandes par Toperateur humain pour 
deux raisons: leur frequence est relativement faible, et il a ete 
juge preferable de laisser k I’operateur humain Tinitiative de 
certains deplacements importants. 

(b) Ensembles asservis et programmes par le programmateur 
digital, c’est par exemple, le cas de Tensemble du bras de manu¬ 
tention, du treuil de manutention, etc. La succession des mouve¬ 
ments est relativement rapide et de plus, il est rare que deux 
mouvements consdcutifs soient identiques. Une intervention 
humaine k chaque mouvement est inconcevable. La Figure 6 
montre le principe de commande de plusieurs ensembles pro¬ 
grammes par le programmateur associe k la machine principale 
no. 1. 

(c) Ensembles sans asservissement et non programmes. C’est 
le cas d’un certain nombre d’mstallations auxiliaires comme 
requipement electrique de la salle de decontamination. 

Bescription de la Solution Doimee au Positionnement du Pont 
Toumant 

Diftnition du ProbUme 

Le pont toumant a les caracteristiques suivantes: 

diametre de roulement, 17,56 m 

diametre de la cremailiere, 16,80 m 

poids sans machine de chargement, 200 tonnes 

poids avec une machine de chargement, 700 tonnes 

poids avec deux machines de chargement, 1.200 tonnes 

Deux buts sont recherches: 

(a) Le positionnement d*une machine sur un puits du riacteur 
defini en coordonnees polaires. Dans ce cas, le positionnement 
du pont doit 6tre obtenu avec une precision de 10 mm. 

(^) Le positionnement du pont sur une voie fixe pour le dibar- 
quement ou Vembarquement d*une machine. 

Pour que le verrouillage du pont sur une voie soit possible, 
il faut que la precision du positionnement soit de I’ordre de 
±2 mm. 

Principe de la Solution Adoptie (Figure 5) 

L’entralnement est fait par deux pignons k axe vertical atta- 
quant la cr6maill^re p6riph6rique. Chaque extr8mit6 du pont 
comporte 1 pignon. Chaque pignon est entrain^ par im moteur 
k courant continu k excitation constante et tension d’induit 
variable d’une puissance de 25 cv. 

L’utilisation de deux moteurs sans liaison m6canique a 
perinis de r6duire au minimum la m6canique de mise en mouve¬ 
ment du pont en la concentrant au voisinage du pignon. De 
cette fagon, la m6canique est de meilleure qualitd et les jeux sont 


r6duits. Le pont toumant n’a pas d’axe de rotation r6el. Il faut 
done assurer electroniquement la synchronisation des deux 
pignons d’attaque. Pour que la rotation soit convenable la 
desynchronisation des pignons ne doit pas d^passer ±2 mm, la 
mesure etant faite sur la cremailiere, soit environ ±2/50.000 de 
la circonference, soit environ 1 minute d’angle. 

L’operateur dispose d’un clavier comportant 85 boutons- 
poussoirs. Chaque bouton-poussoir represente un puits; Taction 
sur Tun des boutons-poussoirs positionne le pont sur le puits 
correspondant. L’operateur a egalement, k sa disposition un 
cadran d’affichage gradue en degres et minutes sur lequel il 
peut afficher la position desiree au moyen d’une manivelle. 

La servocommande comporte trois servomecanismes de 
position du type analogique. Les capteurs de position sont des 
synchromachines classiques de taille 31 et 23. 

Chatne de Pilotage (Figure 5) — De fagon k rendre Tacceiera- 
tion et la deceleration du pont independantes des manoeuvres de 
Toperateur, il a ete prevu une chaine dite de ‘pilotage’. La tension 
d’erreur qui apparait au rotor du synchro-detecteur liee k Talii- 
chage manuel sur cadran est une representation electrique de la 
difference de Tangle de ce synchrodetecteur et de Tangle du 
synchro-transmetteur liee au moteur pilote. Cette tension d’er¬ 
reur est amplifiee et demoduiee et fait tourner le moteur pilote 
jusqu’^ annulation, ce qui a lieu lorsque le moteur pilote a donne 
au transmetteur la m6me position angulaire que celle du synchro- 
detecteur. 

Chaine des Boggies — Les synchro-detecteurs fixes sur les 
boggies sont lies au pignon d’attaque de la cremailiere du pont. 
Ils sont alimentes en paralieie par le synchro-transmetteur de la 
chaine pilote. La tension d’erreur issue de chaque synchro- 
detecteur attaque apres amplification le moteur de chaque 
boggie, grace k un groupe Ward-Leonard comportant deux 
generatrices de 25 kW. Pendant les deplacements ou k Tarr6t 
du pont, les synchro-recepteurs des boggies restent synchronises 
au transmetteurs de la chaine de pilotage. Par suite, les deux 
boggies sont S5mchronises entre eux et les lois de vitesses et 
d’acceieration du pont s’identifient k celles de la chaine de 
pilotage. Ces lois sont determinees de fagon k eviter au pont- 
tournant des efforts mecaniques nuisibles. 

Ditecteur d*erreur — Des syst^mes « detecteurs d’erreurs » 
constatent Tabsence de tension d’erreur entre la chaine de pilo¬ 
tage et les boggies et provoquent un arrSt d’urgence en cas de 
d6synchronisation. 

Affichage de la Position des Puits — De fa^on k dviter k 
Topdrateur im affichage manuel fastidieux, le pupitre de com¬ 
mande gdndral comporte 85 boutons-poussoirs, chaque bouton- 
poussoir correspondant k un puits. L’enfoncement d’un bouton- 
poussoir affiche une position du pont-toumant au moyen d’un 
systdme comportant des relais, des transformateurs, et des rd- 
sistances de prdcision. Ce systdme remplace done 85 groupes de 
synchro-rdeepteurs calds une fois pour toute sur la position des 
puits. 

Rialisation des Chatnes d^asservissement 

Les synchro-machines reprdsentdes sur la Figure 5 sont en 
rdalitd tripldes de fagon k augmenter la prdcision du positionne¬ 
ment. Les tensions d’erreur recueillis par les trois synchros 
d’une mdme chdne sont envoyds k un dispositif commutateur 
gros-fin de fagon k sdlectionner Terreur, grosse, moyenne ou 
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fine, selon que le servom^canisme est loin on pihs de sa position 
d’^quilibre. 

Le d^modulateur plac6 A la sortie du commutateur gros-fin 
transforme la tension d’erreur alternative en nne tension con¬ 
tinue, amplifi6e, dont la polarit6 depend de/la phase. Cette 
tension continue est A son tour amplifi^e pax un Amplificateur A 
lampes et par des amplificateurs magndtiques, de fagon A pou- 
voir attaquer les enroulements d’excitation de la g6n6ratrice 
correspondante. Chaque moteur comporte une g6n6ratrice tachy- 
m^trique dont le rdle est de stabiliser les chafnes d*asservisse- 
ment. 

Description de la Solution Analogique DonnAe an Positionnement 
des Chariots-machines 

Definition du FrobUme 

Les caract6ristiques des chariots-machines sent les suivantes: 
poids total, 500 tonnes 
longueur hors-tout, 8,36 m 


largeur de la voie, 6,70 m 

longueur de la voie la plus longue, 22 m 

Le but cherch6 est le positionnement des chariots-machines 
sur Tun des puits s61ectionn6s par rop6rateur, ou sur le puits 
d’acc6s au systAme d’Avacuation des cartouches en piscine. La 
precision demandAe est de Fordre de 10 mm, 

Principe de la Solution AdopUe ^ 

La solution adoptAe comporte une triple chalne de synchro- 
machines, un commutateur fin-grossier, un amplificateur dA- 
modulateur et des amplificateurs magnAtiques attaquant un 
groupe Ward-LAonard comportant une gAnAratrice de 20 kW 
et un moteur de 20 cv, L’opArateur dAsirant efiectuer un posi¬ 
tionnement, a, A sa disposition un cadran graduA, commandA 
par une manivelle ou bien les 85 boutons-poussoirs, dont nous 
avons dAj A parlA. Dans ce cas, Fenfoncement d’un des 85 boutons- 
poussoirs provoque le positioimement simultanA sur le puits 
sAlectionnA du pont toumant et de la machine se trouvant sur 
le pont. 
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Figure 6. Principe de commande de plusieurs ensembles par im programmateur 


Description de la Solution Donnie au Probl^me du Positionnement 
dtt Bras de Manntention 

Difinition du Problkme 

Une cellule du r6acteur ddsservie par un puits comporte 
34 canaux. Ces 34 canaux sent rdparties selon 24 directions 
sur 6 cercles concentriques. Le bras de manutention doit pouvoir 
prendre 24 orientations diffdrentes et 6 inclinaisons diffdrentes 
appel^ «brisures». Ces orientations et ces brisures doivent 
6tre obtenues avec une grande precision, parce que les canaux 
d’une mSme cellule sont tr^ voisins. Le bras de manutention 
comporte deux tubes concentriques. L’orientation est donn6e 
par la rotation simultan^e de ces deux tubes, et la brisure est 
donn6e par la rotation d’un tube par rapport i I’autre. La rota¬ 
tion de ces tubes est limitde k deux tours. La prdcision demand^e 
correspond k un 6cart angulaire absolu de 0,5 degrd et k un 
dcart angulaire relatif de: 

0,5 _ 0,7 

^2x360“" ^1.000 
Principe de la Solution Adoptie 

La solution adoptde comporte deux clones de servomdea- 
nismes analogiques dont les organes capteiirs sont des synchro¬ 
machines. Un groupe Ward-L6onard k grande amplification 
commande les servomoteurs d’orientation et de brisure d’une 
puissance de 300 watts. Les 24 orientations et les 6 brisures sont 
prdaffichdes au moyen de transformateurs et de resistances. Le 
programmateur digital dirigeant pr^entement la manutention 
donne des directives cod^es k ces servom^canismes et le bras 
est alors positionne conformdment aux ordres du programma¬ 
teur. Dans le cas present, Topdrateur humain n’intervient pas. 

Principes G^n^raux de la Programmation 

L’organisation de la programmation tient compte du fait 
que plusieurs machines sont conneetdes en parsilieie aux bornes 


de sortie d’une mSme programmateur. Le programmateur doit 
foumir d’une part, des informations d’adresse qui designent 
I’organe k mettre en oeuvre et d’autre part des informations de 
niveau qui sp6cifient I’ordre donnd k I’organe. Le support d’in- 
formations est une bande perforde standard k sept canaux qui 
est explorde ligne par ligne par I’organe lecteur; un bloc d’in- 
formations, comprenant tous les 616ments ndeessaires k I’exdcu- 
tion d’un ordre, comprend sept lignes {Figure 7). 

1 ® ligne: ddbut de bloc d’informations 
2®et3°lignes: informations dites « d’adresse ». 

4°, 5®, 6®, 7® lignes: informations dites «deniveau». 

Bloc d*lnformations 

/--s 

Ned. (a V IV ni U I 

Valeur du code: OS 10 06 09 W 01 
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Le code utilise est le code binaire pur. 

Les informations contenues dans les sept lignes d’un bloc 
d’infonnations, d^chiffr^s ligne par ligne au moyen du lecteur > 
de bande, sont mises en m^moire et distributes en paralltle sur 
les homes de sortie de I’appareil, oil elles sont disponibles sous 
forme d’informations permanentes. 

Les rtgles de stcuritt de fonctionnement du mattriel im- 
posent une vtrification de la transmission correcte des signaux 


Le fonctionnement est alors le suivant {Figure 8 ): lorsqu’un 
organe reconnalt son adresse, elle ouvre les portes de ses cir¬ 
cuits logiques aux informations de niveau reprtsentant le mouve- 
ment qu’elle doit accomplir. Le signal de dtpart (sensibilisation) 
est foumi par le programmateur, avec un retard rtglt par un 
circuit de temporisation k une valeur qui recouvre le temps de 
rtponse de tous les circuits. La machine extcute alors I’ordre 
sptcifie par les informations de niveau. Lorsque I’optration est 



k la machine. A cet effet, chaque combinaison d’adresse ou de 
niveau est accompagnte de la combinaison obtenue en rempla- 
qant chaque digit par son compltment binaire (la combinaison 
d’adresse de la ligne 3 est la combinaison compltmentaire de la 
ligne 3, et les combinaisons de niveau des lignes 5 et 7 sont les 
complements respectifs des lignes 4 et 6); des circuits de verifi¬ 
cation, integres k la logique de la machine, verifient la compati- 
bilite de chaque digit et de son complement 


terminee, la machine produit un signal « signal en retour » qui 
foumit au programmateur Tordre d’avancement. 

L’articulation correcte de toutes ces fonctions est indispen¬ 
sable, et Ton pent dire que la securite du fonctionnement de 
tout I’ensemble de la ipanutention du combustible repose sur la 
securite du fonctionnement du programmateur. 

Pour bien faire comprendre Tarticulation du fonctionnement 
des organes du programmateur et des machines qui doivent 
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execute! ses ordres, nous examinerons maintenant plus en dd- 
tadj un programmateur et une machine «treuil de chargement» 
choisie parmi les autres k titre d’exemple. 

Description d’un Programmateur (Figure 9) 

La bande perforce est exploree ligne par ligne au moyen du 
lecteur de bande; un bloc d’informations complet repr6sente 
sept lignes de la bande, le programmateur comporte un trans- 
formateur s6rie-parallMe, qui rend disponibles en permanences 
les informations relev^ aux cours d’une rafale de lecture de 
sept lignes de bande. Ce transformateur s6rie-paraMe est un 
registre h glissement comprenant sept canaux parallfeles k sept 
positions de transfert; les organes de lecture des sept canaux de 
la bande sont connects respectivement aux circuits de la pre¬ 
miere position du registre k glissement, Les signaux de transfert 
du registre et les ordres d’avance du lecteur sont synchronises de 
fagon que le registre soit rempli progressivement par les informa¬ 
tions lues successivement sur les sept lignes de la bande con- 
stituant de bloc d’informations. 


Niveau Adresse Debut 



Coup par coup raz registre 


Figure 9, Principe de fonctiormement d"un programmateur 

Ce fonctionnement k repetition automatique est interrompu 
lorsque les sept positions de transfert du registre sont gamies 
d’informations; cette fonction est rdalisee par Tarrivee des in¬ 
formations perforees sur la premiere ligne du bloc d’informa¬ 
tions Oigne « debut de bloc d’informations ») dans la septieme 
position de transfert du registre. 

Une fonction de verification de la presence des informations 
lues sur les six autres lignes de la bande (deux lignes d’« adresse» 
et quatre lignes de «niveau») excite alors un circuit de tempori- 
sation qui foumit avec un temps de retard reglable I’ordre de 
depart k la machine (signal de « sensibilisation »). 

Le «signal en retour» de la machine provoque la reprise du 
mouvement automatique de lecture et d’enregistrement des sept 
lignes de bande constituant le bloc d’informations suivant. 


Description d’un Treuil de Chargement 

Le treuil de chargement est une machine destinde k mettre 
en mouvement un manipulateur chargd de v6hiculer les car- 
touches d’uranium, les bouchons de canaux, les culasses de 
rdcupdration de ddbris, etc., dans les canaux du rdacteur et dans 
les tubes du magasin de la machine de chargement. II est con- 
stitu6 d’un cabestan entraind par un moteur k courant continu 
de 2 cv, d’un cable supportant le manipulateur, et d’un pantin 
dont la position angulaire est fonction de la tension du cdble 
(Figure 10), 

Pantin en butee 



B- 

Figure 10, Principe de commande par pantin 

II a fallu prdvoir des dispositifs paniculiers de s6curit6 k 
I’dgard d’un coincement accidentel du manipulateur dans un 
conduit; mais la principale difficult^ consiste ^ r6aliser la com¬ 
mande d’arrSt en fin de mouvement de mont6e' ou de descente, 
En effet, la position du manipulateur ^happe k tout contrdle 
direct; elle ne peut atre daduite qu’approximativement de la 
position du cabestan, car la longueur du c^ble ne peut atre 
considdrae comme constante (allongement dfi k la temparature, 
k I’usure du c^ble, etc.). 

Des considarations de cadence obligent d’autre part k utiliser, 
en montae ou en descente, trois vitesses diffarentes: grande, 
moyenne et petite; la grande vitesse atant celle du daplacement 
normal du manipulateur dans les conduits, la moyenne vitesse 
est adoptae dans les passages coudds, et la petite vitesse est 
utilisae pour I’accostage en fin de montae ou de descente. 

Pour raaliser le fonctionnement dans les conditions qui 
viennent d’Stres dacrites, le moteur du cabestan travaille sous 
I’effet de deux dispositifs de commande indapendants (Figure 11 ): 

Asservissement analogique: la vitesse de rotation du moteur 
est stabilisae, en montae ou en descente, aux trois valeurs spaci- 
fiaes, et asservies en descente k la position du pantin qui est 
charga de commander I’accostage en fin de descente. 

L’accostage du manipulateur en fin de descente est datecta 
par le pantin qui se met en mouvement lorsque le cdble a ten¬ 
dance k moUir. Le couple de rappel du pantin (grdee auquel le 
cdble est maintenu tendu) est ragia de fa^on que le poids du 
manipulateur suspendu k rextrdmita du cdble suflBlse pour 
maintenir le pantin sur sa butde suparieure. l^e dapdt du mani- 


68 





PRINCIPES ET RfiALISATIONS DBS AXJTOMATISMES LifiS A LA MANUTENTION DE COMBUSTIBLE D’UN REACTEUR NUCUSAIRE 



pulateur ^ la fin de la course de descente soulage le cdble et 
provoque le mouvement du pantin qui quitte sa but^e en mainte- 
nant le c^ble tendu. Un variom^tre 61ectrique entrain^ par Faxe 
du pantin foumit une image 61ectrique de sa position. La tension 
fournie par le variomtoe est utilis6e comme r6f6rence de vitesse 
de Fasservissement; cette tension (alternative 50 Hz) a sa valeur 
maximum lorsque le pantin est sur sa but6e sup6rieure; elle 
dferoit jusqu’^ la valeur z6ro lorsque le pantin arrive en position 
mMane, ce qui provoque le ralentissement et Farrdt du moteur. 
Si le pantin d^passe la position m^diane, la tension crott ^nou¬ 
veau, mais sa phase est invers^e; il s’ensuit qtie le moteur toume 
alors en sens inverse. Ceci veut dire que le cabestan d6roule du 
cEble jusqu’A ce que soit atteinte la position m^diane du pantin, et 
qu’il rebobine Fexc^dent de cdble d6roul6 si le pantin a ddpassd 


cette position; on voit que la position m^diane du pantin est 
une position d’dquilibre, et que le cable est maintenu tendu dans 
toutes les conditions. 

L’accostage du manipulateur en fin de montde est ddtectd par 
un interrupteur «fin de course », qui provoque Farrdt instantand 
du moteur par mise en court-circuit de son induit. 

Asservissement digital (Figure 11) \ les changements de vitesse 
en cours de mont^ ou de descente sont commandds par un 
ensemble digital comportant essentiellement, en dehors du 
programmateur qui a 6td ddcrit plus haut, un codeur digital de 
position entraind par le cabestan et un ensemble logique de 
commande. 

Get ensemble logique comporte un circuit de vdrification 
d’adresse qui, reconnaissant Fadresse du treuil, ferme les portes 
qui permettent Fentree des informations de niveau. Ces informa¬ 
tions font Fobjet d’une vdrification de code, chaque digit devant 
dtre Fopposd de son compldment respectif. Les informations de 
position issues du codeur, sous forme d’un code binaire rdfldchi, 
sont traduites par im transcodeur en code binaire pur. Les 
informations de niveau et les informations de position sont 
compardes dans le circuit comparateur qui fournit un signal 
H-, ou —. Le signal + commande la montde, le signal — la 
descente, et le signal = Fordre de changement de vitesse qui 
prdcdde Faccostage sous le contrdle de Fasservissement ana- 
logique. 

Les circuits constituant la logique de commande des mouve- 
ments agissent directement sur le dispositif d’asservissement 
analogique de commande de vitesse et fournissent, lorsque 
Fordre a dtd exdcutd, le signal en retour qui est achemind vers 
le programmateur; celui-ci progresse alors d’un pas, afin de 
commander la machine qui doit exdcuter le mouvement suivant. 

Conclusion 

Le probldme de la manutention des cartouches est done 
caraetdrisd essentiellement par: 

un probldme de stockage et de distribution d’informations. 
Plusieurs milliers de sdquences doivent dtre stockdes. 

des probldmes de positionnements. La prdcision demandde 
est parfois la minute d’angle. 

La solution ci-dessus ddcrite fait appel aux techniques 
modemes de Fautomatisme: 

les programmations digitales a bandes perfordes, 

les servomdeanismes industries. 
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Summary 

The dynamics of boiling water nuclear reactors are an important 
consideration in their design since engineering and economic limits 
are set by the stability of the water recirculation loop and by the inter¬ 
action between the steam voids and neutron production process 
(called void reactivity feedback effect). In the natural circulation type 
of boiling water reactor (BWR) considerations of recirculation loop 
stability are all important, while in a forced circulation pressure tube 
reactor (PTR) interesting problems in control and stability are posed 
by the freedom to design in a void reactivity coefficient that may 
provide positive or negative feedback. 

The paper discusses in general terms the influence of the void 
reactivity coefficient on reactor stability and control, and demonstrates 
that sophisticated control systems might be feasible if intimate control 
of the void distribution in the reactor core were possible. A detailed 
dynamic model of two-phase flow in a boiling channel is required 
before study of such control systems can be made, as the dynamics 
of void production must be clearly expressed if the voids are to be 
controlled during transients. A simple model is used to demonstrate 
the stability of void-flow interaction in the water recirculation loop. 

Sommaire 

L’6tude dynamique des r6acteurs nucl6aires k eau bouillante a acquis 
une grande importance pour T^tablissement des projets d’installation, 
dtant donn6 que la stabilit6 du circuit de recyclage de Teau d’une part, 
I’interaction entre les vides r&ultat du d^^agement de vapeur et le 
dispositif de production des neutrons d’autre part (appel6 efftt de reac¬ 
tion de rdactivite des vides — «void reactivity feedback eflet»), impo- 
sent des limitations technologiques et dconomiques. Dans un reacteur 
eau bouillante du type d. circulation naturelle (BWR), les considera¬ 
tions relatives k la stabilite du circuit de recyclage de I’eau ont toutes 
Icur importance propre. Dans un reacteur du type k tube sous pression 
(PTR) oh la circulation est forcee, d*mteressants probiemes de com¬ 
mando et de stabilite se posent par suite de la liberte du constructeur 
de choisir un coefficient des reactivite de vides donnant une reaction 
soit positive, soit negative. 

La communication a pour objet une discussion en termes generaux 
du rdle joue par le coefficient de reactivite des vides sur la stabilite du 
rdacteur et de son dispositif de commande. Elle demontre que des 
syst^mes de ciommande fort complexes pourraient etre con9us si Ton 
pouvait agir sur la- repartition des vides dans le coeur du reacteur. 
L’etude de cette action requiert une analyse prealable sur un modeie 
dynamique detailie de recoulement de deux phases dans un canal k 
ebullition; il faut en effet connaltre k fond la dynamique de la creation 
des vides si Ton veut maitriser ces derniers en regime transitoire. 
A I’aide d*un modeie simple, on montrera la stabilite de I’interactioh 
vides — ecoulement dans le circuit de recyclage de I’eau. 

Zusammenfassung 

Beim Entwurf von Siedewasser-Kernreaktoren spielt die Reaktor- 
dynamik eine groBe Rolle, da die Stabilitfit des Wasserkreislaufes und 
die Wechseiwirkung zwischen Dampfblasen und dem ProzeB der 
Neutronenerzeugung (Riiclcwirlcung durch den EinfluB des Blasen- 
volumens auf die ReaktivUSt) technische und wirtschaftliche Grenzen 
setzen. In Siedewasser-Kernreaktoren ihit naturlichem Umlauf (BWR) 


Sind Betrachtungen der Stabilitat des geschlossenen l^eislaufes 
auBerordentlich wichtig; in einem Druckrdhrenreaktor mit Zwangs- 
umlauf (PTR) ergeben sich dadurch interessante Regel- und Stabilitats- 
probleme, daB man einen Blasenkoeffizienten der ReaktivMt vorgeben 
kann, der eine negative Oder eine positive Riickkopplung bewirkt. 

Diese Arbeit befafit sich ganz allgemein mit dem EinfluB des Blasen¬ 
koeffizienten der Reaktivitat auf die Stabilitat und Regelung eines 
Reaktors und zeigt, daB verbesserte Regelsysteme mdglich sind, wenn 
die Blasenverteilung im Reaktorkern vollkommen regelbar ware. Ein 
ausfiihrliches dynamisches Modell einer Zweiphasenstrbmung in 
einem Siedekanal ist zur Untersuchung eines solchen Regelsystems 
erforderlich, da die DynamOc der Blasenerzeugung eingehend bekannt 
sein muB, wenn die Blasen wahrend eines tJbergangsvorganges des 
Reaktors geregelt werden sollen. Ein einfaches Modell wird benutzt, 
um die Stabilitat der Wechseiwirkung zwischen Strdmung und Blasen 
in einem geschlossenen Wasserkreislauf zu zeigen. 


Introduction 

Considerable attention has been devoted to the boiling water 
nuclear reactor^ during the last decade as a possible steam 
generator for an economically attractive power plant. In this 
type of nuclear reactor the circulating coolant—which can be 
light or heavy water—^flows past the uranium fuel rods absorbing 
the heat of thermal fission and boils. The steam generated is 
collected and conveyed either directly to a turbine or to an 
intermediate heat exchanger. In either case the nuclear reactor 
is an integral part of a recirculating water boiler loop similar 
to the La Mont Process. 

Dynamic stability has been a topic of concern since the 
inception of a boiling water reactor, as in addition to the 
hydrodynamics of the recirculating water loop the boiling and 
fission processes interact in a manner that provides a feedback 
path round the neutron production process. This is as if the 
boiling of water in a conventional boiler affected the rate of fuel 
flow to the burners. Consequently the literature is now relatively 
well supplied with studies of BWR dynamics^"®. The detailed 
physics of boiling heat transfer and two-phase flow is of par¬ 
ticular concern in boiling water nuclear reactors because the 
accurate prediction of the volume and distribution of steam 
in the heated sections is needed in order to calculate both 
the distribution of fission power over the reactor and the details 
of the feedback interaction. These factors may also have an 
important influence on the margin against burn-out’» ®. 

The presentation of a dynamic model representing a boiling 
water nuclear reactpr should thus be of interest to an audience 
outside nuclear reactor technology because of its attention to 
the detail of boiling water dynamics, and because of the interest¬ 
ing dynamic and control problems that are raised when consider¬ 
ing the operation of the reactor in combination with a turbine. 
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The analytical portion of this paper will concentrate on the 
dynamics of two-phase flow in the boiling channel, as not only 
is this subject of wide interest, but it also represents an area in 
which a considerable amount of theoretical and experimental 
research is required before models can be derived which predict 
the fluctuations of the boiling process during short term tran¬ 
sients. 

Model of a Bofling Water Reactor 

Representations of boiling water reactors are shown in 
Figure L The natural circulation boiling water reactor (BWR) 
is shown in Figure 1(a) where it is seen that the heavy water acts 
both as coolant and moderator and undergoes natural circula¬ 
tion in a large high pressure tank. Circulation is assisted by 



(a) 



(b) 


Figure L (a) Natural circulation boiling water reactor (BWR); ( h) forced 
circulation pressure tube reactor (PTR). jff —enthalpy transport rate. 
Subscript: /-—feedwater, w—recirculating water, B —boiling channel 
exit; R—riser; .s—steam load; m—moderator 

enclosing the fuel element clusters in shrouds, thereby dividing 
the vessel into downcomer and upcomer regions. The steam is 
collected at the top and passed to a heat exchanger. 

Figure 1(b) illustrates a particular example of a forced circu¬ 
lation reactor of the pressure tube variety (PTR). Here light water 
is pumped past a fuel element enclosed in pressure tubes, the 
steam being separated from the water in a drum as in conventional 
practice. The heavy water moderator is outside the tubes in a 
low pressure tank, and is. also circulated through a heat ex¬ 
changer to remove the small amount of heat acquired while 


in the reactor core—there is no intentional heat transfer between 
the pressure tubes and the moderator. 

There are several variations on this theme, but considerations 
of neutron and engineering economy must be discussed when 
comparing their relative merits®. iSuch topics are outside the 
scope of this paper. 

A block diagram of a BWR is shown in Figure 2 illustrating 
the main processes of the plant apart from the turbine, condenser, 
and feedwater systems which may be assumed to be conven¬ 
tional. The reactor plant may be divided into the following 
processes. 

Neutron Kinetics and Fuel Element Heat Transfer 

The neutron production process is characterized typically 
by the one forward path associated with neutron power {N) and 
thermal power (Q) production in response to the reactivity 
change (dk). The moderator is also heated by heat transfer from 
the fuel region and by a small amount of neutron thermalization 
and y-ray heating. Ihree feedback paths are shown due to fuel 
element and coolant temperature and density changes. The 
consequent change in their physical properties modifies the 
neutron capture rate and influences the criticality of the reactor. 

The heat transfer process is concerned with the description 
of the heating of the uranium fuel rods as a result of fission 
power. The resulting axial and radial temperature gradients in 
the fuel elements will then permit the heat available for transfer 
to the coolant to be known as a function of position and time. 

The neutron production, fuel element heat transfer, and 
temperature reactivity feedbacks complete the model for neutron 
kinetics alone. Transfer function representations are now well 
established^®’^ for both lumped and distributed parameter 
models. In addition, the great majority of the quoted references 
on boiling water reactor dynamics contain transfer function 
treatment, thou^ not necessarily based on point models. It is 
convenient to treat neutron kinetics with a one-point model 
for dynamic analysis, as this is amenable to transfer function 
methods. Axial or radial distribution of the neutron flux can be 
superimposed on tlie one-point model to define the power 
available at particular locations within the core. This assumes 
that the distortion of the spatial distribution has essentially 
only one mode, and that the power at any location varies in 
proportion to the change of the one-point model. Rigorous 
treatments of space-time core dynamics are also available. 

Water Recirculation Loop 

The dynamics of the water recirculation loop result from the 
interactions between power input to the heat channel, the re¬ 
sulting steam volume, circulation velocity, pressure, gravity 
head, and the steam load demands of the turbine. The two 
quantities of interest in the loop are the pressure drop Ap round 
the loop and the enthalpy transport rate A, The pressure 
differentials provide the driving head which governs the cir¬ 
culation flow rate, the enthalpy defines the increase of energy 
in the system, and the rate at which it is changed in the loop. 

The main difficulty in an analytical approach to the dynamics 
of the recirculation loop is the formulation of relationships 
between variables during the two-phase flow in the boiling 
channel and riser without recourse to experimental correlations 
which may not have been justified for the particular geometry 
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and conditions under examination.Transfer functions for neutron 
kinetics and fuel element heat transfer will not be presented. 
One point kinetic transfer functions are well known^^, and the 
dynamics of cylindrical fuel rods is also well documented^^» 

The Void-reactivity Feedback 

A change in fission power will alter the volume of steam 
present in the core. For the usual designs of undermoderated 
reactor, the increase of voidage effectively reduces the rate at 
which neutrons become thermalized, and increase of void has 
therefore a negative feedback effect on reactivity. The influence 
of boiling on reactivity is shown in Figure 2 as a feedback path 


The Dynamics of Void Formation 

The study of the dynamic characteristics of the void-reacti¬ 
vity interaction requires a realistic dynamic model of two-phase 
flow in a vertical heated channel with which the factors that 
influence the void distribution during transients can be investi¬ 
gated. The boiling channel model can then be inserted into 
standard kinetics and steam plant models for the study of the 
dynamics of the overall plant in general and of the reactor-void 
interaction in particular. 

A simple model, however, can establish the general dynamic 
behaviour of the void in response to perturbation if axial 
distributions of the void can be ignored. Consider the representa- 




Figure2. Block diagram of a boiling water reactor. TV—fission power; Q —thermal power; p —^pressurer; dp—^pressure drop; 1 ^—drum water 
level; 5^—reactivity change; iirefr-effective neutron multiplication; TVg—synchronous speed of pump; F^p-downcomer water velocity; 
T—temperature; enthalpy transport rate; a—weighted average void. Subscript: c—control; m—moderator; a—void; w—recirculating 

water; /-fuel or feedwater; boiling channel; Jt—riser; d—drum; downcomer, F—delivery pipe 





from the boiling channels in which the void S introduces a 
change of reactivity dk^. 

The magnitude and sense of the void coefficient of reactivity 
is dependent on the physical characteristics of the core, in 
particular on the ratio of moderator to fuel volumes, the 
enrichment of the uranium fuel, and the geometrical arrange- 
merit of the fuel element lattices*. It is possible to vary the value 
of from positive to negative by adjusting these parameters, 
thus—^for a given fuel optimized for the reactor application— 
may be increased or decreased by altering the pitch of the fuel 
elements (effectively altering the moderator to fuel ratio). 

The void-reactivity effect introduces a variable in the design 
of boiling water reactors which makes them at once more 
difficult and more interesting than conventional fossil-fuelled 
boilers which have no interaction between steam volume and 
the energy release rate of the fuel (i.e. conventional boilers have 
zero void coefficients). There is not usually complete freedom 
to design in any desired void coefficient, but the range of 
variables leads to some interesting problems in stability and 
control. 

♦ The void coefficient of reactivity * is defined as — dA:off/5a, where 

is the change in effective neutron multiplication for a change 
iS in the average void. 


tion of Figure 3(a) in which saturated water is entering a heated 
channel. 

The volume of steam relative to that of the fluid is denoted 
by the void fraction oc (z, t). A linear void gradient up the channel 
will be assumed for convenience. The actual gradient will depend 
on the axial distribution of the heat flux Q (z, t) and the instan¬ 
taneous distribution of steam bubbles in transport up the chan¬ 
nel. The steam bubbles have an increased velocity relative to the 
water phase. The ratio of steam to water velocities is called 
slip jS, defined by 

' x(z,t) (1 (x)(z,t) piy (z,t) 

'• ’ a(z,0 p*(z,0 

where is the quality or ratio of steam to mixture by weight. 

The starting point for analysis is always the three equations 
of mass, energy, and momentum conservation. These are stated 
for a two-phase mixture m Derivation I, [eqns (1), (2), (8)]. If one 
assumes homogeneous flow, = 1, and the need to find a 
fourth equation to solve for the additional variable (steam 
velocity) is by-passed. 

Two expressions are found in Derivation I relating void and 
exit velocity to the inputs to the simple channel of Figure i(a), 
[eqns (14), (15)]. There are always involved expressions relating 
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pressure to the other variables in two-phase flow analysis, due 
to the dependence of local saturated conditions on the absolute 
pressure. These terms are comprised of two parts: (a) that due 
to the pressure drop in the channel due to friction and accelera¬ 
tion effects, and {b) that due to the change in absolute pressure 
due to external conditions in the plant (change of turbine load 
for example). 

The time lag is associated with the transport of voids up 




Figures, (a) Simple model of a heated channel; (b) signal flow-graph 
for the dynamics of a heated channel (see Derivation / for meaning 
of symbols) 

the channel as the local bubbles are augmented by the bubbles 
already produced further upstream at a previous time. 

Figure 3{b) shows a signal flow graph for the simple channel. 
The gain Kb^ is dependent largely on the differential density 
head assistog circulation up the channel due to the mixture 
density being less at the exit—(which provides the force for 


driving natural circulation systems). Kua JS a function of oi. The 
other pressure feedback arises from the resistance to flow and 
the acceleration of the mixture of the channel. In fact the gain 
(1 -h ^os) can be regarded as an impedance Zb since it 
describes the channel’s resistance to flow. 

The dynamics of the loop as a whole can be considered by 
fitting the above heated channel model into a loop model as 
shown in Figure 4(d). 

Considering first a natural circulation loop and ignoring any 
effects introduced by a steam drum, the loop equation is found 



Figure 4. (a) Schematic of recirculating water loop; (b) Signal Jlow- 
graph of recirculating water loop (see Derivation U for meaning of 

symbols) 


by equating the sum of the pressure drops to zero. From this 
it is shown that the channd inlet velocity is void dependent 
[eqn (27)]. The associated signal flow-graph [Figure 4(1))} shows 
three feedback loops of which loop is destabilizing. The 
increased resistances due to faster flow rates will tend to reduce 
the driving head so that flow rate at the channel inlet is actually 
reduced. Reduced flow rate (for constant heat input rate) 
increases the void still further. 
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Further reduction leads to Figure 5(a) (ignoring pressure 
effects) which has a void production transfer function [eqn (15)1 
in the forward path and a void-flow interaction transfer func¬ 
tion [eqn (27)] in the feedback path. The criterion for stability 
is apparent from [eqn (28)] and is dependent on loop transport 
delays and impedances, particularly the riser impedance. This 
stability criterion is frequency dependent. One feels intuitively 
that the inertia of the loop as a whole would prevent high fre¬ 
quency oscillations building up, and that such oscillations (if 
they occur) would probably be bounded by the non-linearities. 
It is possible that the noisy flow velocity measurements obtained 
from rigs may contain amplitude limited high-frequency oscilla¬ 
tions due to the void-flow interaction. 




Figures, (a) Void-flow interaction feedback loop \ 

(b) flow rate—power characteristic for natural circulation 


This is a possible explanation of the burn-out of fuel elements 
reported for heat fluxes lower than critical. A typical flow rate— 
heat flux curve is shown for a natural circulation loop in 
Figure 5(h). Flow rate increases with void (oc heat flux) until the 
frictional resistance has increased to such an extent that further 
heat flux increments produce a net reduction in flow rate. As a 
result there will be a critical heat flux at which all the water in 
contact with the channel walls is vaporized and burn-out 
occurs. However, if the stability criterion is not satisfied for 
some lower heat flux, noise may drive the loop into oscillations 
which build up and cause burn-out well before the critical heat 
flux has been reached. 

The addition of a circulation pump can be allowed for in 
Derivation II by replacing the Zdb terms by (Zdb — where 
Zj, is the pump impedance found from the pump characteristics, 
Zj, is the change of pump head/change of flow rate. Z^ is often 
taken as infinite which eliminates void-flow feedback. Hovfever, 
there will be some interaction, and the stability criterion should 
still be checked, particularly with long risers. 

Stability of a Hydraulic Loop 

It is as well to define stability when considering the flow of 
a steam-water mixture. It is clear that a true steady state does 


not exist during boiling in a recirculating loop, as a glance at a 
laboratory boiling rig with transparent pipes will quickly show. 
The process is essentially stochastic with the volumetric content 
of the bubble population at a point in the heated channel 
undergoing rapid fluctuations for a constant heat input rate and 
a nominally constant inlet water flow rate. In addition to the 
usual stochastic pattern of turbulent flow, there may be specific 
periodic oscillations. For example, with given external conditions, 
the flow can tend from bubbles in water (bubble flow) to alternate 
slugs of water and steam of considerable volume (slug flow) to a 
central steam core (annular) as the steam fraction increases up the 
channel. Stability therefore depends on the time scale adopted, 
and for the purposes of this study the short term fluctuations in 
bubble population will be classified as noise, although they repre¬ 
sent the high-frequency oscillation of a non-linear system with 
bounded stability. The recirculation loop will be regarded as 
stable providing that the conditions of circulation and boiling 
averaged over the transit delay through the core are stationary. 

The Complete Reactor-recirculation Loop Model 

To study the general stability of the interactions between the 
(linearized) neutron production—^void formation—^and water 
circulation processes, further transfer functions are required for 
the steam drum (equivalent to the steam-water volume above 
the shrouds in natural circulation systems). Comparatively 
straightforward models for steam drum dynamics are available 
in the literature^^. In Figure 6 the drum is represented by a 
general heat and mass balance block, with a dynamic term 
Ka, 3 ,/(l — representing the lags inherent in the mixing 



SWf 8Hf fiV/g 


Figure 6. Schematic of complete reactor-recirculation loop model 
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process between the incoming saturated water from the riser 
and the sub-cooled feedwater, 

A . general block diagram representing the dynamic interac¬ 
tions of the units in Figure 2 can now be compiled as in Figure 5, 
where is the fuel element (Doppler) reactivity feedback loop 
and is usually stabilizing. The fuel element time lag is in the 
feedback path, in most cases of a few seconds magnitude. 

is the void-reactivity feedback loop. The fuel element time 
lag is in the heat transfer block, and the lag in the void formation 
block is associated with the water transit time up the channel. 
Lq is the void-flow interaction loop whose stability has already 
been discussed, and is the recirculation rate-void interaction 
loop due to the changes of inlet water enthalpy ^ a result of the 
steam drum responses to circulation changes. The loop includes 
the term for drum dynamics ^/(l — and a transport 
delay representmg the water transit time between the 


duced is fed directly to a turbo-alternator. The question to be 
decided is the appropriate value for (the void coefficient) for 
the indicated control system which—in maintaining the plant 
steam pressure constant—^matches the reactor’s power N to 
the demanded load (/)) L. 

Case I—Constant Electrical LoadL. Reactivity Perturbation + dk 

With negative the increase of neutron power and steam 
void will produce a reduction of which is a stabilizing 
response. With positive the perturbation would result in a 
further increase of neutron power which is destabilizing. 

Case 11—Reactor in Equilibrium, Electrical Demand + {D) L 

With negative the increased flow of steam resulting from 
the throttle opening in response to (Z>) L will lower the steam 



Figure 7. Boiling water reactor and plant control, iV—neutron power; IFg—steam flow rate; steam pressuie; i—electrical load; 
K—void; void reactivity change; 6/:^—control reactivity change; demand: (E )—error 


drum and the boiling channel inlet. This can be of several 
seconds duration. L^ is the void-power interaction loop due to 
variations in the inlet water enthalpy as a result of changes in 
mixture quality entering the steam drum. It has an additional 
delay representing the mixture transit time up the riser. 
Finally, Lf is the pressure-void feedback loop representing the 
flashing of steam (or vice versa) in response to changes of 
absolute pressure. These changes will be induced by variations 
in the turbine steam rate demand W^, There will also be changes 
in system pressure due to the recirculation rate as well. 

The stability of the system as a whole depends on the 
interaction of these several loops and is clearly a matter for 
computer solution. However the stability criterion is simply 
stated: 

l-L,-Lj-L,-L,-L*-L^ 

-h+ LflLg-h > 0 


where the L are the frequency dependent loop gains. 

When considering stability of the plant as a whole, three 
matters have to be borne in mind: (a) the interaction between 
loops which may force oscillatory behaviour onto the plant, e.g. 
the delayed water enthalpy response in loop as a result of 
increased heat flux in loop (b) the stability of the loops 
themselves, and (c) the response of the plant to load changes. 


The Influence of the Void Coefficient on the Stability and Control 
of Direct Cycle Boiling Water Reactor Plant 

Consider a boiling water nuclear reactor with a direct cycle 
power plant as illustrated in Figure 7, in which the steam pro¬ 


pressure. This will cause the steam void to increase due to 
flashing, and the neutron power to reduce. The reactor will thus 
be opposing the control system which will be endeavouring to 
increase the power. With positive the reactor will tend to be 
load following. 

For direct cycle plant therefore the choice lies between either 
an inherently stable or an inherently load-following reactor. It is 
understandable that the decision has always been made in 
favour of the inherently stable reactor on the grounds of safe 
operation, although an automatic safety control system is 
invariably fitted in addition to the operational automatic control 
system. The safety control system can override the latter and 
shut the reactor down should a possibly dangerous increase in 
reactor power occur. 

There may, however, be an economic penalty to be paid if 
the decision is in favour of negative void coefficients, as the fuel 
enrichment must be increased to overcome the reactivity deficit 
held in the voids and to allow for the slight undermoderation 
usually necessary to provide a negative coefficient^. Capital 
cost considerations on the other hand operate in the opposite 
direction. 

In addition the void coefficient is a function of power for a 
given core design. Figure 8 (taken from Campbell et al^) illustrates 
variation of with coolant density, void fraction and power 
(assuming constant forced recirculation rate) for a given fuel 
enrichment and varying fuel lattice pitch for a reactor of the 
PTR type. A similar set of curves with the same general character 
can be drawn for varying enrichment on a given lattice pitch. 
The magnitude and sense of depends on the slope of the 
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curves, aad it is diown that closing the lattice pitch (decreasing 
moderator to fuel ratio) has the effect of providing large negative 
void coefficients for high void contents. For a large PTR there 
be a limit below which the pitch cannot be closed, imposed 
by engineermg considerations. On the other hand, there is a 
Imut on the amount by which the void coefficient can be negative 

unposed by conventional considerations of feedback loon 
Stability. ^ 


The Lidependent Control of Voids 

It is worth considering for certain types of PTR Hoaign 
whether the control engineer can make a significant contribution 
to the economic feasibility of boiling water reactors by de vising 
safe and reliable control systems which will allow the reactor to 



Figure 8. L^uence of coolant densUy and lattice pitch on void coefficient 

K» 


> ~r’= (1—«) + « 


Qs 


M effective neutron multiplication in core 


tion have been made in detail, and these must wait until the 
developnaent of a transient boiling channel model from which 
the restriction to steady state empirical correlations has been 
removed. The basis for such a model requires the detaUed study 
of the dynamics of the steam and water phases in two-phase 
flow. Momentum ecchange, together with the analysis of the 
forc^ acting on the bubbles, is likely to lead to such a model“ 
but its validity cannot be established until experimental results 
from dynamic heat transfer rigs are available, with which the 
model’s predictions of dynamic behaviour can be compared. 
Research into the dynamcs of heat transfer and two-phase flow 
IS a new departure and is as much an instrumental and analytical 
problem as it is one of engineering difficulty. Its purpose is to 
esteblish the behaviour of two-phase mixtures in space and time 
whue undergoing transient motion from one equilibrium state 
to the next. The pioneering work of Zivi” must be in 

this context. 

It is to be hoped that this paper will have shown the ab¬ 
sorbing problems that boiling water nuclear reactors (or even 
laboratory boiling heat transfer rigs) can present to the dynami- 
cist and control aigineer. It is a rewarding field, as a rigorous 
M^ytic tr^tment of the boiling process is still not available. 
It is sometimes surprising to realize that an everyday process 
hke the boiling of water in a kettle should lead to such theoretical 
difficulties. 


Derivation I—Irimsfer Function Model for a Linearized BoUing 
Channel 

Assume, for analytical convenience only, that (0 boiling 
starts at ch^el inlet, (i7) the pressure drop across the channel fe 
smaU relative to absolute pressure, consequently the axial 
dependence of saturated densities and enthalpies can be ii <^g lect e d , 
a.nd enthdpy cm used instead of internal energy for the 
tme pMtial deriva,tive in the conswvation of energy equation, 
(«0 axial distribution of void and density along the nhannfti is 
linear and (lo) uniform heat flux axial distribution is '"Q (f). 

Conservation of Mass 


operate over a ^de range of void coefficients. This may increase 
the choices available to the designer who is attempting to achieve 
an econotmc optimum. 

The destabilizing reactivity feedback effect can be effectively 
damped out if the voids are maintained independent of power 
and power transients. Thus an internal control loop is suggested 
w ch will match the flow of the coolant being recirculated to the 
power demand, as for example in conventional once-throueh or 

“ expression of the ideal towards 
WMch the dMigner of the control system would aim. One method 
of TOnfroUing the voids might be to insert a control system 
TOthm the recarculation loop that would trim the recirculation 
flow rate m response to changes in void. A controlling signal 

by using flie pressure difference 
meffiod of m^unng quality, the pressure sensors in the risers 
»ving an mdication of the average quaUty (or sector quality if 

the neutron flux has spatial freedom). 

Ginclusion 

The dynamics and engineering feasibility of such loops 
cannot be discussed untfl studies of the dynamics of void forma- 


0t ^ + apM = 0 (1) 

Conservation of Energy 

gj •¥ ccplH ^+^ [a„p%H^y„Vy,+aplHlv,2='"Q (z, f) 

( 2 ) 

(1) may be rearranged to give 

0 0 


where 




Pi(z,t)= 


a(z,t) 


Ps 


Pi LPj 


( 4 ) 
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From (2) and (4) 


««. (z, 0+g^(a«t>J (z, 0 = -_^£ 2 ^+P 3 ( 2 ^ t)^p ( 2 ^ t) 


and (12) becomes 


dt 
where 


Ipj 


Conservation of Momentum 

9 / s 

^P(z.0 

1 J 0 0 

^~g' (BF ^ [“wPw^W + f 

+FpT (z, 0+-^ [«H.Pw+apO=0 

o 


(5) 

( 6 ) 
(7) 


where 


;5/y- fn)— ^ (^) (•^)1 

_( L±£Eao'\ PeSp (s) 

V l+s^« J~^2 


®w2®wZ 


_0t^2-P 2—Pi 


(15) 

(16) 


( 8 ) 


Ecpis (3), (5) and (8) are general for two phase dynamics and 
have in fact only used assumption (ii). 

The treatment will now be simplified, using the remaining 
as^ptions—saturated conditions, axial and time dependence 
being understood. Note the initial condition «„ (0, r) = 1, a 
(0,0 = 0. Let the boiling length be Zj. Integrate (3) over z^; 
and write for small perturbations from the equilibri um in 
Laplace transform notation. Hence 

' 4^F(g) 

, . . - ~S\R)vl:, 

where 

a=Zj, (1—2?)/2 (1—S^R) «, 1=-Pj/P* 


_/^l±£w\_P 
\ 7(1- 


(9) 

( 10 ) 


Ps P5 ®w2 Pa y Z n flf- 3 - — — 

®w2P4~P5 

A conv^tional expression wiU be used for pressure drop across 
the channel instead of deriving one directly from the momenNim 
eqn (8). 

J>.-P2-^+p(^)p..i.+-Lfe+i?p„. (17) 

where r is the Martinelli-Nelson acceleration multiplier 

for low qualities. The small perturbation drop is therefore 

-j.j=So,;-,;)j ja, (,) 

^|.g'(l-aS) g' V'8»^/^*’"’1 (s)+-^sSv„i (s)^^ 

Half this pressure drop will be considered as influencing the 
pressure dependent parts of eqns (14) and (15). 

Write eqn (19) as 

SJps (s) = KboScc^ (s)+( s) (20) 

where is an impedance, 

'^B~(1 + *Zob)JC2b (21) 

jK'Bf, is the coefficient of Sv^ in eqn (19) and 


p 0 0 

Similarly (5) becomes 


& 

UJ 


Ps 


R-^y slip ratios*^ (11) 
Pm> o» 


T 

^oB - 

o 


( 22 ) 


(IH-STq^jJ (Pw^^wS-^wi V ®m,2 t}„2 Jj 

+(l±£Ip^\id 

\i+szc,„/ »; 


sSp(s) 

:j5 — 


Derivation H—Redrcnlation Loop Stability (Power to Void) 

Consider first a natural circulation loop. For Ihe press 
drops roimd the loop 

SJpo+5 Apb + 5Apb=^dSv„i + S^B^Kt+K bMi 


where 


P ^ "e° ^ _ z, 

" WLpJ’ 


( 12 ) 

Zp,<,.2=P3/P5 (13) 


therefore 


( 23 ) 

(24) 


The Jt and SR terms will now be ignored since this is an 
approximate treatment only, and because R and S are small at 
high pressure. For example, at 68 atm R = 0’048 and S^2. 
Thus Tb, « = Tfl, „ = Tg and », ^v„. 

(9) now becomes 

dv „2 (s)=(1+ST.) v °2 5X2 (s)+(s)+(1+ST,. ,) P^8p(s) 

(14) 


where (1 + str)^^ is introduced to allow for transport delays 
in the riser. Define 

I KsRa — Kjsa + ^Ra I '^R '^R (25) 

Then eqn (24) becomes 
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These a dditional feedbacks are shown added to the basic boiling 
channel in the signal flow-graph of Figure 5(b). From the figure 
the flow response to void can be expressed as 




\l+sxj 


^BRx~ (1+stJ^x(s) 




<2 5a,(s) (27) 


The closed-loop transfer function for the recirculation loop then 
becomes 


5a, (s) 1 

"52(5) (1+5TJ 


K, 


Q.a 


where 


It , ^ r 

r ^i>B(s)+^a(s)L(l+«x)(l^Ji 

(28) 

(29) 


aM2Hts 


For the loop to be stable, the denominator of the second term 
must be positive. 

Nomenclature 


F 

g 

i' 

H 

K 

Kscc 

Kbv 


Frictional resistance/unit length, Ib./ft.® 
Gravity acceleration, 32*2 ft./sec* 
Acceleration factor, 32*2 ft, Ib./lb. sec* 
Specific enthalpy, B.Th.U,/lb. 

A gain defined locally 
DL 19 
DL22 
DII. 25 
Dm 29 

Pressure dependent gains (DI) 

Pressure, Ib./ft.* 

Total heat flux, B.Th.U /sec 
Total heat/unit area, B.Th.U./ft.* sec 
Total heat/unit volume, B.Th.U./ft* sec 
Density ratio qJq„ 

Acceleration multiplier (DL 18) 

Slip ratio vjv^ 

Complex variable, sec~^ 

Temperature, ®F 
Time coordinate, sec 
Velocity, ft./sec 
Steam quality 
Time coordinate, ft. 

Pipe impedance, defined locally, Ib./ft.* sec/ft. 
^ DL 21, Ib./ft.* sec/ft 
Dm 23, Ib./ft* sec/ft. 

DIL 25, lb./ft.* sec/ft. 
a Void fraction 

g Density, Ib./ft.® 

A time constant, defined locally, sec 


^QfOt 

P 

P 

Q 

"2 

'"e 

R 

r 

S 

s 

T 

t 

V 

X 

z 

Z 


Two phase 

Water 

Evaporation 

Inlet 

Exit 


mean 

d/dr 


T^, a DL 10, sec 


Tq, » DL 13, sec 


Tct, DL 14, sec 

15 

Tj,, rt, 1 DI. 10, sec ' 


cty 2 ^L 13, sec 

16 

cti 8 DI. 16, sec 


XaB 22, sec 

17 

Tjj Riser transport delay, sec 


Vr on. 25, sec 



Subscripts 

B Boiling region TP 

b Boiling boundary w 

D Downcomer 

R Riser 1 

s Steam 2 

Superscripts 

s Saturated value 

® Steady state value 

Prefixes 

8 Difference A Small perturbation value 

Coefficients or polynomial fits from the steam tables are denoted: 

[# [f]' [?]■ [^] 
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DISCUSSION 


D. E. Dougherty and C. N. Shen, Rensselaer Polytechnic Institute^ 

Troy, N.Y„ U,S.A. 

By combining the hydrodynamic aspects of two-phase flow with the 
neutron kinetics of a BWR, the authors have delineated an important 
and difficult study. The importance of a load-following capability for 
a BWR was clearly pointed out. With regard to this problem, would 
the authors care to expand upon the type of control system they en¬ 
visage for a plant having a positive void coefficient, and how this would 
compare with the ‘dual cycle*^ approach? As suggested by the authors, 
an internal control loop for maintaining a constant power-to-fiow 
ratio would be useful in minimizing the external control (rods, etc.), 
but this would be costly in pumping power, have a sluggish response, 
and present a safety problem in case of a pump failure. 

An alternative to maintaining a constant power-to-flow rate would 
be to vary the feedwater enthalpy and or flow rate and thereby 
maintain a relatively constant net void reactivity. In essence, this is 
what is accomplished by the ‘dual cycle BWR’. 

It is our opinion that due to the strong non-linearities which are 
manifest in two-phase flow phenomena, the linearized analysis present¬ 
ed in this paper is a useful but limited first step in defining the design 
limits of a BWR. For example the inception point for oscillatory flow 
may be well removed from the conditions of core burn-out, or the 
steam drum carryover limit due to the existence of a stable flow limit 
cycle. Thus we concur with the authors’ suggestion that improved 
boiling models be developed, especially if maximum performance is to 
be obtained from the BWR power plants. 

In our minds, there are some minor points in the derivations that 
may be generalized or corrected. 

(1) The assumption whereby enthalpy is substituted for internal 
energy in the energy equation can be mitigated without introducing 
any significant complexities by rewriting eqn (2) as® 

and thus eqn (6) becomes 

p _ ^0) I _ ^ 

^a>s L -P J L P J 


(2) A more general result may be obtained again by assuming the 
vapour fraction and the channel heat input approximately separable 
in space and time® so that (x( 2 r ,0 (0/(^) and (^, r) = '"Q(t)giz) 
where/(z) and g (z) are respectively the normalized initial steady state 
vapour fraction and heat input distributions. 

(3) Considering eqn (17) we have been unable to discern a time- 
dependent acceleration pressure drop. Probably the last term on the 
right-hand side of eqn (17)^ is 
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P. K. M’Pherson, in reply 

Shen and Dougherty have posed an interesting question. How does 
one control a BWR with positive void coefficients? To date most 
BWRs have significantly negative void coefficients so that this question 
has not arisen. But the need to reduce the costs of nuclear electricity 
is likely to make void coefficients less negative, even positive perhaps, 
as effort is made to reduce fuel enrichment. In replying I will confine 
my attention to a direct cycle BWR of the Pressure Tube type (PTR) 
with forced circulation. An example of one is shown in Figure 1. It 
can be seen that this is a conventional La Mont boiler cycle with 
nuclear heating instead of combustion heating. Everything else is 
standard. 

The original study of means whereby a reactor with a positive void 
coefficient might be controlled looked for subsidiary fast control loops. 
Control of primary flow was an obvious choice and computer studies 
have shown that this would be an effective stabilizing loop. The re¬ 
circulating pump would have (say) three fixed speeds corresponding 
to 100, 50 and 20 per cent power. A power reactor will normally be 
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at 100 per cent power, the other two powers represent short term power 
or set back states. A by-pass valve would be inserted to divert up to 
5 or 10 per cent of pump discharge back to suction to provide fast 
trim control of flow. The by-pass valve might be actuated by a servo 
following (ideally) average void in the core. More realistically average 
exit steam quality would suffice if a dynamic sensor of steam quality 
were available. However, studies showed that actuation by perturba¬ 
tions in neutron flux provided good control. This sub-control loop is, 
of course, strongly dependent on the prevailing value of the void 
coefficient. 

An alternative is to regulate the sub-cooling of the primary flow 
entering the core. This is similar to the dual cycle concept as shown 
by the discussers. A control method is not feasible with the type of 
plant being considered (Figure A) as there will be considerable delays 
before sub-cooling changes reach the core due .to transportation lags 
of the water from the enthalpy changepoint to the core inlet. 

In answer to the question how does one control a BWR with a 
positive void coefficient? I would suggest that a more profitable solu¬ 
tion is the study of steam plant interactions with the boiling process 
in the core. This process is strongly dependent on pressure variations 
and our studies have shown that it is possible to adjust the design of 
the steam plant in such a way that the pressure feedback effects of the 
boiling process provide a stable plant overall even though the reactor 


itself may have an inherent positive feedback due to the void-reactivity 
effect. I would like to illustrate this with an example. Figure B is an 
extension of Figure 6 in the paper, and represents a block diagram for 
a dynamic model of a realistic plant. More detailed boiling channel 
and steam drum representations have been added, feedwater heating 
and flow control are included and all the pressure feedbacks are re¬ 
presented. These are: (1) Pressure term to the controller for pressure 
regulation; (2) Heat transfer in the reactor is dependent on boiling 
temperature which is a function of pressure; (3) Pressure enters re¬ 
circulation as the flow friction pressure drop in the two-phase region 
is pressure dependent; (4) Pressure enters the riser to provide flashing 
effects; (5) The heat balance in the drum is pressure dependent due to 
changes of saturation temperature with pressure; (6) Steam flow is, 
of course, dependent on steam pressure, and (7) Steam drum pressure 
is the back pressure against which the feedwater system operates. 

The two dominant feedback effects are: (1) The direct pressure 
feedback to the channel adjusting the saturation temperature, and 
(2) The delayed change of sub-cooling at boiling channel inlet due to 
the change of saturation temperature in the steam drum. 

Fgure C shows the effect of these two feedbacks quite clearly. 
The model here is of the La Mont boiling loop only, all nuclear effects 
have been withdrawn. The input is a terminated ramp of heat flux dQe 
into the boiling channel which a constant setting of the turbine throttle 
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assumed. The consequent rise of pressure drop dpj^ and delayed rise of 
water enthalpy in the drum dH^j^ are also shown. The curves J, 2, 3 
show the response of average coolant density dp and exit coolant 
density dpg as the feedback effects due to pressure and water enthalpy 
are added. The model of the steam drum assumes mechanical separa¬ 
tion of the steam and water phases with mixing of relatively cool feed- 



water in the drum so that the water in the drum is significantly sub¬ 
cooled in the steady state. A cosine axial distribution of heat flux is 
also implied. The curves show clearly that with this model the net 
effect of the pressure feedbacks is to increase the average coolant 
density in response to an increase of heat flux although the exit density 
is reduced as would be expected. In other words the heat flux to steam 
void transfer function has a negative coefficient when pressure effects 


are included (with this configuration of steam drum). This, combined 
with a positive void-reactivity coefiicient, can then produce an overall 
stable plant. 

The strong influence of the pressure feedback on overall plant 
dynamics is shown in Figure i), which represents the responses of the 
plant shown in Figure B. (Note that the responses of curves B have 
the same scheme as those of curves A ; they are indicated with a nega¬ 
tive sense solely for ease of illustration.) The reversal of plant dynamic 
behaviour, depending on whether the pressure feedback effects are 
allowed free rein or are suppressed, is clearly shown. 

I thank the professors for their comments on the dynamic analysis 
of a boiling loop included in the paper, but I hasten to point out that 
the analysis was only included to provide some simple transfer func¬ 
tions and flow graphs for the introduction of the problems to an 
audience of control engineers. Our treatment of hydrodynamics in 
power reactor studies is, of course, as rigorous as knowledge and 
modern computing techniques will allow. Finally I echo their sug¬ 
gestion that we need a better knowledge of the dynamics of boiling 
and two-phase flow but I would suggest that we need experimental 
evidence rather than even more theoretical models. At the moment 
there is very little experimental data obtained with proper transient 
rigs with which the theoretical models can be evaluated. 

R. Quack, Technische Hochschule, Stuttgart, Germany 

The problems studied by the authors are discussed in several publica¬ 
tions by Dozent Dr. Kirchmayer, who came from the Tech. Univer¬ 
sity in Beograd (Yugoslavia), stayed for some time at our institution 
in Stuttgart and is now connected to the research staff of AEG. 

I emphasize that the authors for their further work should use the 
frequency-response equations of Kirchmayer, which have delivered 
us a very near theoretical approach to the real transient behaviour of 
the boiling-water reactor, as it is published in American papers. I will 
send the bibliographic dates of Kirchmayer’s publications to the 
authors. 

P. K. M’Pherson, in reply 

In answer to Professor Quack, I am familiar with Dr. Kirchmayer’s 
work. He has provided the BWR literature with very complete transfer 
function models which are most interesting. However, his models tend 
to assume average spatial distribution for those qualities that are both 
time and space dependent. I would not recommend the use of these 
models in a BWR study until a detailed analysis has been made of the 
distributed parameters in the boiling channel, etc., using finite differ¬ 
ence techniques on digital or analogue computers. One can then pro¬ 
gress to a simplified lumped parameter model by fitting transfer func¬ 
tions to the results of the rigorous distributed parameter analysis. 
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On the Optimal Control of Hydro-electric Power Systems 
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Summary 

The pilose of optimizing a hydro-electric power system is to maximize 
the utility value of the available natural energy which exists in varying 
quantities* This makes in-line control considerably more complicated 
than in thermo systems, where the fuel cost may be minimized at 
any time. 

The present paper defines an optimization criterion based on a 
utility function of the consumed power; the potential production of 
the system and its gradient, whose components appear as the probable 
value of the water in the r^rvoirs. Estimates of these values may be 
used in the coordination equations for on-line control. 

Sommaire 

Sexploitation optimale d’un ensemble des centrales hydrauliques 
est celle qui conduit k la valeur maximale de la production. Ceci est 
de son c5t6 une fonction des conditions hydrologiques futures et 
inconnues. De ce fait un r6glage automatique de la production devient 
un probldme complexe par rapport au probl^me de la commande 
des centrales thermiques dont le but est de minimaliser le cofit instan- 
tan6 du combustible consomm^. 

Cet article definit d’abord un crit^re d’optimalitd bas^ sur une 
fonction d^utilit^ dependant de la puissance utilis6e, ensuite la produc¬ 
tion potentielle du syst^me et enfin le gradient du potentiel dont les 
composantes apparaissent comme la valeur de- I’eau dans les reser¬ 
voirs. On pourrait envisager Tutilisation de ces valeurs dans les «6qua- 
tions de coordination » pour une commande automatique et continue 
(on-line control). 

Zusammenfassung 

Die Aufgabe der Optimierung eines Wasserkraftwerkes ist es, einen 
maximalen Ausnutzungsgrad der in veifinderlichen Mengen anfal- 
lenden nattirlichen Energie zu erreichen. Dadurch wird die direkte 
Regelung schwieriger als in W^rmekraftwerken, wo die BrennstoiF- 
kosten jederzeit minimierbar sind. 

Die vorliegende Arbeit definiert ein Optimalwertkriterium, das auf 
einer Ausnutzungsfunktion der verbrauchten Leistung beruht und be- 
trachtet das Produktionspotential des Systems imd seine Anderung, 
die vom wahrscheinlichen Wassergehalt in den Speichern abhfingen. 
Die Abschfitzungen die^r Werte kbnnen in den Gleichungen zur di- 
rekten Regelung verwendet werden. 


Eitroduction 


Automatic optimal control of the load distribution in electric 
power systems has received great interest in recent years. 
A large number of authors have dealt with the problem, espec¬ 
ially in systems dominated by thermal power stations where the 
aim has been defined as minimizing the value of the fud flow 
into the system for any given power consmnption. This problem 
is elegantly solved by variational methods^ which result in the 
so-called coordination equations: 


dFr 

dpi 



( 1 ) 


wherepi = generator otitput, Ft = value of fuel input, Pl = sum 


of electric losses, dPi/dpi = incremental cost at power station, 
and X — incremental cost at place of consumption. 

These equations, which are necessary conditions for optimal 
load distributions, state the general economic principle that a 
given production should be distributed in such a way that 
incremental (or marginal) cost is the same for aU units in opera¬ 
tion. The equations form the theoretical basis for automatic 
dispatching systems like Early Bird® and others. Here the 
incremental costs are continuously computed on the basis of 
fuel prices and generator load. Hydro generators may be in¬ 
cluded by assigning a value to the water, based on the fuel it 
may substitute. 

In a system dominantly driven by regulated rivers, this 
problem of water values requires considerably more attention. 
The available natural energy is a statistical variable with large 
fluctuations, and its cost does not exist on the budget. Its value 
must be judged in terms of its later use, which is dependent on 
the present and future state of the system. This means that the 
optimization cannot be performed simply by minimizing the 
instantaneous losses; one has to find an optimal path through 
a longer period of time. On the other hand, the coordination 
equations are fitted for on-line computation and control as 
opposed to dynamic programming. This makes it desirable to 
arrive at a scheme where the high frequency power changes are 
met by the coordination equations, while the slower changes 
in the hydrological states are: handled by more complicated and 
infrequent ofiT-line computations of water values. The present 
paper is a contribution to such a scheme. 

Optiinization Criterion 

In a hydro-electric system there is no natural balance between 
natural energy and energy consumption, and the economic 
output may be improved considerably by stimulating the 
consumption according to the water conditions. This means 
that the power delivered to the consumers has a utility value, 
iS, which is a non-linear function of power and time of delivery: 

s=s(p,o 

This function is identical to what the consumer is willing to 
pay for the power in a long-term contract, and it depends on 
the individual consumers, especially on their facilities for the 
utilization of cheap, oflF-season energy and the need for a 
minimum, guaranteed delivery. On the basis of the individual 
S functions, one may estimate an average S function for the 
system as a whole, defining the consumption pattern of the 
area. This function is roughly specified by three properties: 

(1) The incremental utility value is always positive, making S 
a monotonically increasing function of p. 

(2) The S ffinction must chang;e with time (day/night, week- 
day/holiday, summer/winter), for instance, in the same way as 
the mean consumption. 
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(3) At p values below the normal, the function must reflect 
the consumers’ losses due to a forced reduction in consumption. 
As an example one may use the function 

S=iiCi£[P(0]*lnii:2[P(0-6] 

E [P (01 is here the estimated, unstimulated consumption at the 
time in question, and ^2 being constants (Figure 1). 



The purpose of the optimization will be to maximize the 
future capitalized production in terms of S: 

max|~e"”S(T)dT (2) 

subject to the constraints given by the system and the available 
water, whose components are the load on the individual 
generators, is the control vector of the system. The S function, 
which also may be influenced by the management, is considered 
given, with a as the rate of interest. 


function of time, of the amount of water in this particular reser¬ 
voir, and of all the other state variables. 


Optimal Dispatch 


The principle of optimality^ gives, for sufficiently small At: 


G(t)^maxElS(t)At-¥G(t+At)] 

Pit} 

=max£[S(0zlfH-G(0+/lG] 

Pit) 

- max E IS(t) At+AG"}—0 

Pit) 


Hence, at any given time one has to compare the value of the 
production with the estimated change in G. This term is nor¬ 
mally negative, and if the step is non-optimal, it will dominate. 
AG may be expressed by its partial derivatives 



Ml 

dt 


+ 


qg\ 

dt ) 


At 


and the dispatch problem will at any time be to maximize 


(5) 

The problem in on-line control is mainly the distribution prob¬ 
lem. S is known as the control instant, and the only terms 
influenced by the control are the last terms representing the 
reservoirs: „ 

“ax E (6) 

For all the production units known, the relation between water 
flow, >v, and power: ^^ 

Wi=ft(j>d 


Potential Production and Water Value 


At any time, the outlook for the system production is 
dependent on the volume of water in the reservoirs, some 
significant flows, etc. These data may be concentrated in a state 
vector, which consists of a number n of controllable compo¬ 
nents, the reservoir volumes; and a number r of other com¬ 
ponents which are independent of the control vector. 

At any time, the value of the integral (2) may be estimated 
on the basis of the present state of the system and relevant 
statistical data. This estimate is denoted by G: 


G (t, 5)=max £ “ S (x) dx (3) 

pit) Jt 


This maximum value of the capitalized future production, 
averaged over the statistical variables involved, is a function of 


and is denoted by the potential production of the system. The 
components of its gradients 


8G 

Ml 


(4) 


are called the g factors of the state variables, and the g factors 
of the reservoirs are defined as the value of the water. It is a 


which usually may be approximated by a parabola, describing 
the energy losses in water tunnels, turbines and generators: 

w^ai-bp+cp^ 

The power stations are generally hydraulically connected; an 
example is shown in Figure 2. For the simplicity of notation, it 
is assumed that only one turbine is connected to each reservoir. 



Figure 2 
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Ignoring the time delay between the outflow of one power 
station and inflow into the succeeding reservoir, the following 
relation is obtained. 


dqi 

dt 




+ L 1+1 


The corresponding change in G is 


dG=gid^i + g2d^2 


An A (l( 

dG=dgi — — ] 

L /2_ 


L represents the overflow, 6 the separate inflow. 
Introducing the new variable 


and setting this equal to zero for overflowing reservoirs, the 
sum (6) may be expressed as 

t i 

i = l t=l 


The last terriis are defined as the production cost. 

The inflows 6 are not subject to control, and the load 
distribution is optimized for minimum value of: 


n 


i=l 


( 7 ) 


which is defined as the operating cost. Formally the dispatching 
problem is now identical to the corresponding prpblems in 
thermal systeihs, and following Kirchmayer^, the necessary 
conditions for optimum are the coordination equations in the 
form: 




dw, 




dp, " Qpt 


( 8 ) 


In addition one has to decide which turbines should be in 
operation. Theoretically this is a far more complicated question 
and is not handled here. 

Distribution of the load according to the estimated g factors 
does not guarantee a permanent optimal programme, because 
these, are based on estimates of the statistical variables 6 and p. 
Errors in these estimates may accumulate and the g factors must 
therefore be periodically corrected to ensure maximum G. 


Computation of g Factors 

Only for trivial systems may the g factors be computed 
directly from their definitions as functions of state variables; 
generally they must be computed by other means. According 
to their interpretation as the probable utility value per volume 
unit of the water in the top layer, they are dependent on the 
probable incremental price dS/dE per energy imit; the probable 
eflflciency, and the potential energy of the water. 

Two properties will, however, contribute to the practical 
use of the formalism: 


In optimum this is zero, which gives 


g 


g 

bE 


8£ 

L03J 

1 

L03J 


The same operation may be performed on all couples of 
reservoirs, resulting in the following condition for optimum: 

for all i 
Vi 

where rj is used for the expected efficiency of the unit, and e 
means the potential energy per unit volume of the water. Hence, 
the optimal state is characterized by all g factors being propor¬ 
tional to their electrical equivalence. 

(2) A similar reasoning may be applied to the time variation 
. of the g factors: the optimum policy implicit in G assumes a 
certain variation g (/). If g at a certain instant should be smaller 
than at a later instant, this must imply that constraints, such as 
height of the dam, etc., make it impossible tO‘ store the water 
until the later instant, and vice versa. Hence, the ideal produc¬ 
tion schedule involves constant g factors. 

This last property actually forms the basis for the methods 
developed by Lindquist, Stage and Larsson®* ® for computing 
water values in a combined hydro-thermal system. Here one 
starts with an estimate of the water value as a function of time 
and total reservoir volume, and on the basis of a given relation 
between thermal production, secondary consumption and 
power price. This estimate is used in a Monte-Carlo simulation 



(•Accumulating Production ^ 

period period 


Figure 3 


(1) To find the optimal distribution of a certain energy on 
the different reservoirs, one assumes a certain state and different 
production schemes resulting in the same production of electric 
energy d^. Interest is in the final state giving maximal G, and 
assuming two groups of reservoirs: 

. djBj H-(IB 2 ~ 0 


3£i 

0«i 


dqi + 


dE2 

032 


dq2=0 


and improved iteratively until one gets a realistic production 
scheme following curves of equal water value. The method may 
also, with heavy computational work, be extended to systems 
with two reservoirs. For multidimensional systems there exist, 
to the author’s knowledge, no satisfactory solution method. 

Figure 3 shows a set of g (g, t) curves for a reservoir with 
dominantly accumulation during spring and summer, and 
production mainly for electric heating during the winter. 

Another approach to the problem is to find a set of differ¬ 
ential difference equations relating the variables g, q and r, to 
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the statistical parameters describing the inflow and the total 
production p. These equations may then be solved more or less 
directly, generating the g curves. 

A basic equation is, for instance, 

■^=£(0)-£[w(g)] (9) 

where the relation w(g) is defined through S(p, t) and w(p). 
In addition, the absolute values of the g factors, which define 
the price level, must be adjusted to ensure balance between the 
time average of inflow and outflow. 

If one assumes a system governed by the coordination 
equations and g factor of the simple form 

g=go-Ht)M ( 10 ) 

where Aq is the deviation from a certain water level curve, one 
will have a system negative feedback as shown for two variables 
in Figure 4. 

One assumes that the system is run by: (/) g factors being 
periodically adjusted according to the relation (10) and the 



measured water levels; (n) the total load is at any instant 
distributed according to coordination equations and supplemen¬ 
tary conditions minimizing the instantaneous cost. 

These computations also generate the incremental cost of the 
system, which may be used for control of variable load and 
power exchange with neighbour networks. 

It is seen that the gradient hglbq == when negative, acts to 
correct deviations from th^ predicted water level curve, because 
it will result in a corresponding change in g factors and hence a 
change in the water consumption from this particular reservoir. 


If the load is unaffected by this change, it will also cause a 
corresponding change in the consumption from all other reser¬ 
voirs, and later in their g factors. All g factors will, as a result, 
be dependent on each other through the action of the system 
itself, and tend to a stationary state where they are proportional 
in accordance with the requirement for optimality. This effect 
may be analysed theoretically using sampled system theory, and 
research is being performed along these lines, aiming at finding 
values of ki which make optimal response to disturbances in 
power consumption and hydrological state. 

Condusion 

There is developed a set of statistically defined concepts 
which forms a theoretical basis for an optimum control of 
hydro-electric power systems. By the Bellman Principle of 
Optimality these concepts are related to the Kirchmayer coor¬ 
dination equations, making possible an optimal dispatch on the 
basis of incremental production costs. 

A main problem is the practical computation of the expected 
water values, the g factors, in systems with a large number of 
reservoirs. The most practical way of performing these com¬ 
putations seems to be through a number of difference differentia 
equations describing the functional relations g {q, t), and the 
research is performed along these lines. 

This work is done in cooperation with Oslo Lysverker^ whose 
production system in the near future will include some 30 aggre¬ 
gates and about 10 reservoirs. 
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DISCUSSION 


L. K. Kirchmayer, General Electric Company, Schenectady 5, N.Y,, 
. U.S,A. 

Mr. Ruge has presented a most interesting and thought-provoking 
paper related to the possible practical implementation of on-line opti¬ 
mal control of hydro-electric power systems. We have several com¬ 
ments and quesfions for his attention. 

(1) Is it anticipated that the scheme of Figure 4 will be implemented 
in the near future on the Norwegian power system? 

(2) Have they determined the g factors for h. system of more than 
one storage reservoir? 


(3) Has the author considered the effect of foreby ccnstraints upon 
the determination of the g factors as suggested in his sub-section 
‘Computation of g factors’ ? 

(4) Is not the intent of the second equation on page 84 relating the 

g factors to relate instead the gamma factors? That is, would not the 
expression appear as „ 

(5) Would the author please comment on the method he proposes 
to use to determine the k factor, or feedback coefficient, listed in 
eqn (10) of his paper? Does he anticipate obtaining this from a graph 
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such as Figure i, or does he have some shorter method in mind? It is 
not clear to us how the g factors would be periodically adjusted accord¬ 
ing to eqn (9)» A further explanation of this would be helpful. 

(6) On page 84 the author states that the ideal production schedule 
involves constant g factors. Does the author intend here to state that 
the initial and final values are the same for correspondingstorage points? 

Work is currently under way at the General Electric Company to 
provide an on-line digital dispatch computer to control the water 
releases for the hydro-electric projects of Region 4* of the Colorado 
River Storage Project, U.S. Bureau of Reclamation. The control com- 



Figure A. Thermahhydro optimizing 


puter will optimize the releases of water from the hydro-electric plant 
by a control system shown in Figure A, The method bears strong 
resernblance to the techniques suggested by Mr. Ruge. The Preplan¬ 
ning Programme will determine the incremental water values and the 
reservoir schedules for a period of time in tlie future. Through means 
of the Predictor Programme the computer will compare actual with 
forecasted water usage and make appropriate corrections to the in¬ 
cremental water value and unit incremental characteristics. 

This information is used in the Economic Dispatch Programme to 
provide an instant-by-instant on-line optimum digital dispatch. 

H. Ruge, in reply 

(1) No decisions have yet been taken concerning future computer 
control on the Norwegian power system, and I think extensive techni¬ 
cal and economic studies must be completed first. Such studies are 
under way, and this paper represents an intermediate result of a study 
carried out in cooperation with Mr. Oslo Lysverker and the Research 
Institute for Electricity Supply. These studies also include geophysical 
research into relations between meteorological and hydrological ob¬ 
servations, retarded water inflows etc., which have some bearing on 
the complete optimization scheme. Organizational changes of some 
form must also take place, which takes time, and for the moment I 
do not think the power companies feel any pressing need to update 
their control methods. 

(2) We have computed water values for two-reservoir systems, 
using a modification of Lindquist’s method. This is actually not dynam¬ 
ic programming, but an iterative trial method using historical hydro- 
logical records. To my knowledge Little® is the only one who has 
used dynamic programming for systems with stochastic inflow and 
that was for the Colorado river. 

(3) and (6) As mentioned in the paper, the amount and time con¬ 
stants of the water values represent ideal, unconstrained conditions, 
and every deviation from this, imposed by constraints such as finite 
dam heights, limited water release etc., involves a loss in economy. 
However, it should also be stated that the reasoning leading to the 
time constants is based on a negative ^gl^q, which holds for ordinary 
background reservoirs. This condition is, however, not satisfied for 
reservoirs with a considerable head variation with q, and such reser¬ 


voirs will also have a positive feedback coefficient, shown in Figure 4, 
with the result that disturbances cannot be taken care of adequately 
by the coordination equations alone. The rate of interest will also 
disturb the time constants of the water values. . 

(4) Yes, when there are downstream power stations. 

(5) The function of this k is to adjust the production in accordance 
with deviations from the predicted conditions, and I can indicate one 
basis for computing it; for simplicity in a single reservoir system with 
stationary statistics, where the water values are independent of time. 
After a disturbance, q, this gradient k will be the one which maximizes 
the sum of the increased production value in the next period, and the re¬ 
maining water at the end of the period, evaluated by means of the same 
k. Both terms will in this case be relatively simple functions of k. For 
multiple, time-varying systems, the problem is considerably more 
complicated, but the method may be a fruitful method of attack, 
resulting in some field equations for the ^-functions. 

I have a general feeling that the size of the problem could be reduc¬ 
ed considerably by using more adequate physical descriptions of the 
set of reservoirs. Such as their time constants with respect to inflow 
and outflow, non-linearity of machinery, and perhaps also a more 
adequate description of the inflow statistics. 

It was indeed interesting to see Mr. Kirchmayer’s proposal for the 
Columbia river project, and I look forward to the disclosure of the 
technical and computational details involved. 

J. Carpentier, Electricitide France^ 12 Place des ttats-UniSt Paris 16% 

France 

At Electricity de France, similar work to that described by Mr. Ruge 
has been done. Two problems of optimal operation of hydro-electric 
systems were solved using dynamic programming, one purely theoreti¬ 
cal, the other studied the future operation and equipment of the power 
system for the town of Abidjan in Africa. This had the wonderful 
property that energy was supplied by only one big reservoir and ther¬ 
mal power plants. 

The results obtained are quite similar to these of Mr. Ruge. In 
particular, dynamic programming is very difficult to apply to systems 
with more than two reservoirs; for such systems a solution based on 
simulation is easier to carry out, and research is being done in this 
direction. 

I wish to ask Mr. Ruge the following questions: 

0) In the economic value of the delivered power, there is a term 
includng a penalty due to a forced reduction in the consumption by 
the consumers. What value was taken for this penalty ? (It is rather 
difficult to obtain the figure from the investigations by economists.) 
Were different values tried, and what was the sensitivity of the model 
to the changes in the value of this penalty? In France, we found that, 
when varying this penalty, the curves of the results changed, but the 
effective operation did not change very much over a rather wide band 
of variation in the penalty. 

(2) Concerning the use of differential difference equations, how 
does the time involved in this resolution grow with the number of 
reservoirs? 

H. Ruge, in reply 

(1) In Norway we have experienced exactly the same difficulties over 
getting realistic values for the lower part of the S function, i.e. the 
penalties for delivery reductions. Except for certain power applications 
with clear economic alternatives, I think these values must be based 
on estimates from independent economists. It is important to have 
this curve non-linear, reflecting the fact that minor reductions may 
take place without any real inconveniences for the consumers. As to 
the sensitivity of the loading schedule to changes in the S curve, I have 
no exact data, but an increase in penalty will defeitely result in a more 
careful storage policy. 

(2) I would assume a quadratic relationship between the number 
of reservoirs and computation time. 
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Expos6 d’une M6thode d’Elaboration de Graphiques Exprimant les 
Conditions de Stabilit6 du R6glage d’un Groupe Hydro-^lectrique 

A. TSCHUMY 

Summary 


The stability characteristics (such as stability limit, damping factor, 
pulsation of the regulating oscillation, phase margin etc.) can be deter¬ 
mined by the proposed method by graphs drawn for the various opera¬ 
tion conditions of the hydro-electric set. 

The paper describes the preliminary calculations and the pro¬ 
grammes of the electronic calculating machines elaborated for obtain¬ 
ing the various curves of the graphs. It is worth noting that one has 
used the frequential behaviour methods applied to tlie various transfer 
functions of the elements forming the whole hydro-electric set. 

Sommaire 

La m^thode proposde permet de connaitre les conditions de stability 
Oimite de stabilit6, degr6 d’amortissement, pulsation de Toscillation de 
r6glage, marge de phase, etc. etc.) par des graphiques 6tablis pour les 
diff6rents regimes de fonctionnement du groupe hydro-61ectrique. Nous 
decrivons les calculs pr^alables et les programmes de la calculatrice 
num6rique 61abor6s pour obtenir les diff^rentes courbes de ces graphi¬ 
ques. II a notamment 6t6 fait appel aux notions introduites par la con- 
sid6ration du comportement fr^quentiel des divers 616ments constituant 
Tensemble du circuit de r6glage. 

Zusammenfassung 

Die vorgeschlagene Methode erlaubt die StabilitS^tsbedingungen (Sta- 
bilitatsgrenze, Darapfungsgrad, Kreisfrequenz der Regelschwingung, 
Phasenrand usw.) fUr die verschiedenen Betriebszustande eines Was- 
serkraftwerkes graphisch darzustellen. 

Der Aufsatz beschreibt die Vorausberechnung \md die Programme 
fiir die elektronischen Rechenmaschinen, die zur Ermittlung der ver¬ 
schiedenen Kurven dienen. Zur Bildung der Struktur des gesamten 
Wasserkraftwerkes wurde die Frequenzgangmethode auf die Uber- 
tragungsfunktionen der einzelnen Teile angewendet. 


Introduction 

Le nombre croissant des interconnexions entre rdseanx peut 
faire penser que le problfeme de la stabilit6 du rdglage de vitesse 
d’un groupe hydro-dlectrique perd de son importance. II n’en 
reste pas moins vrai que chacun des groupes couplds k un grand 
r^seau doit %txc stable par lui-m8me et que les cas de marche 
d’un groupe sur r^eau s€par6 sont encore assez frequents. Ce 
mode de fonctionnement se pr6sente, lors de derangements, 
parfois lorsque les groupes alimentent des industries particu- 
lieres ou des petits r^seaux. 

La recherche de la plus stricte economie qui influe quelquefois 
sur les projets d’amenagements hydro-eiectriques, risque de 
rendre precaires les conditions de stabilitd k tel ou tel rdgime de 
fonctionnement. La determination 4^ ces conditions sur la base 
de renseignements faisant appel k des notions statistiques ou 
k des caracteristiques globales, en assimilant par exemple la 
turbine k un orifice, n’est plus sufiisante. II est necessaire de 


contrdler avec soin le point de fonctionnement du groupe hydro- 
eiectrique (utilisation de la colline de fonctionnement de la 
turbine, connaissance des caracteristiques de la conduite forcde, 
du genre de reglage de tension), compte tenu de la nature de la 
charge du reseau. 

Equations du Reglage, Hypotheses de Base et Conditions dc 
Stabilite 

Les equations fondamentales du reglage d’un groupe hydro- 
eiectrique sont les suivantes^* 

Equation des masses tournantes: 

^A(B=Y^Ai>o+^^Aft-aA£o^ (1) 

Equation du dispositif de rdglage: 

^Apo=-L(Au)+mlAtu) (2a) 

en reglage acceierotachymetrique 

(2b) 

en reglage avec asservissement temporaire. 

Equation du coup de beiier: 

( 3 ) 

Les equations (1), (2a), (3) du systeme differentiel ci-dessus 
caracterisent le reglage dans les hypothfeses suivantes: 

(a) Le groupe fonctionne seul sur un rdseau separd. 

(b) L’usage des relations lindaires auquel conduit, k des 
infiniment petits du deuxidme ordre prds, I’emploi de valours 
relatives, exige que les ecarts des grandeurs par rapport k leurs 
valeurs de regime restent faibles. 

(c) Les courbes representatives des diverses grandeurs sont 
assimildes k leurs tangentes, au point de fonctionnement, en 
regime stationnaire. 

(d) L’dquation du coup de bdlier tient compte de I’efFet de 
sa pdriode propre (consequence de Teiastioite de Teau et des 
parois de la conduite forcee). 

(e) L’influence de la perte de charge dans la conduite forcee 
est negligee. 

(/) Bien que nous ayons ecrit requation du regulateur dans 
les deux cas du reglage acoeiero-tachymetrique et du reglage 
avec asservissement temporaire, nous conduirons la suite du 
calcul en reglage acceierotachymetrique. 

O) Le statisme permanent du dispositif de reglage est admis 
egal k zero. 
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Si nous posons Aco = Aj e’'\ Apo = Ag e'*, M = Ag 
r^quation caract^ristique du systfeme des 3 ^uations (1), (2 a), 
(3) a la forme suivante: 

aor^+air*+a2''+<>3=0 (4) 

Equation dans laquelle on peut toujours faire en sorte que 

Co = 1. 

Le systfeme d’dquations (1), (2a), (3), peut 6tre mis sous 
forme matricielle: 


correspondant h la forme g^n^rale; 



En appliquant le entire de stability d’Hurwitz, nous obtenons 
les conditions suivantes pour caraetdriser la stabilitd du systime. 

ai>0 (6) 

^OsoitCjUj-aa^O (7) 

Le signe = dans I’dquation (7) ddfinit la limite de la stabilitd 
et le signe > dans la mSme relation signi£e que Toscillation de 
rdglage est amortie. (Voir Pingoud^.) 

^3 sent des polyndmes compost des coefficients 
^i 2 j • • •*^33 systfeme (5a), (5b), et ont les valeurs suivantes: 



La pulsation d) (ou pseudo-pulsation) de I’oscillation de 
r6glage est donnde par la relation suivante: 

co^=3x^-2a^x+a2 ( 12 ) 

Le d6cr6ment logarithmique, la pulsation et le coefficient 
d’amortissement sont lies par la relation suivante: 


ijj|c 2 * 7t 
CO 


(13) 


En remplagant les grandeurs ai, par leurs expressions 
(8), (9), (10) dans les equations (11) et (12), nous obtenons les 
relations suivantes: 





A-\‘ 0 l B Cm 

(8) 


_ mB C (xB 


x'Tdf x'r'^TBf 

( 9 ) 

B 


“3 t'T0/ 

(10) 


Representation Graphique des Conditions de Stabilitd 

En posant i /d5, ce qui donne aux solutions de 

rdquation (5 a) la forme d’une oscillation amortie, si x > 0, 
nous obtenons par requation (4) une relation qui permet de 
calculer le facteur d’amortissement x. 

83C®-8aiX^+2(af+a2)^-flia2+a3=s0 (11) 



+^{2mx-l) (15) 

Nous dtablirons le graphique exprimant les conditions de 
stabilitd en adoptant comme coordon^ m et x'. Ces deux tpinpi! 
caract^risent le dispositif de r^glage et peuvent 6tre ajustfe 4 
volont^. Get ajustemfent est particulierement facile k effectuer 
sur des rdgulateurs dlectriques. 

A chaque valeur constante du facteur d’amortissement x ou 
du dter^ment d* ou de la pulsation a (p6riode T") correspond 
une s6rie de paires de valeurs m et x', c’est-4-dire Hnna (e gra¬ 
phique une courbe d^termin^ par les Equations (14) et (15); les 
coefficients de ces 6quations sont d6termin6s par les donn&s 
de I’installation et celles du rdgime consid6r6. 



88 




EXPOSE D’UNE M6TH0DE D’ELABORATION DE ORAPHIQUES EXPRIMANT LES CONDITIONS DE STABILITY DU R^GLAGE 


Elaboration du Graphique. Emploi d’une Calculatrice Electronique 


On obtient la courbe «limite de stabilit6 » c*est-^-dire k 
facteurd’amortissement nul en introduisant x = 0 dans T^qua- 
tion (14); la relation entre m et t' qui en d^coule determine la 
courbe cherchde. 

Si nous posons en outre /= tgz/z = 1, ce qui peut 6tre 
admis dans le cas de basses chutes (grandes valeurs de q) il en 
r^sulte une expression en m et x' qui est celle d’une hyperbole. 

Si Ton donne ensuite au facteur d’amortissement x des 
valeurs constantes successives Xi, Xg, etc., chacune de ces 
valeurs d6finit Tdquation repr6sentative d’une courbe (6galement 
une hyperbole) qui peut 6tre trac^e de la m6nie manfee que la 
courbe «limite de stability ». L’equation (15) permet de deter¬ 
miner les courbes k pulsation & de Toscillation de r6glage, de 
valeur constante. 

Cette methode approch^e ne convient que dans le cas od 
Ton cbnsidere le phenombne du coup de b61ier comme un pheno- 
m^ne de masse (/= 1). II n’est sou vent pas possible de faire 
cette hypothese simplificatrice et les equations (14), (15) doivent 
etre traitees dans leur ensemble avec une valeur de 




(dL 


9^1 


a 



Figure L Organigramme simplify du calcul de m^if m et 


II est alors necessaire de proceder par approximations succes¬ 
sives, afin d’obtenir des points du plan ni, t' satisfaisant les 
equations precitees. Uemploi d’une calculatrice numerique 
permet de rdsoudre aisement le probieme. Par la mise en oeuvre 
d’un tel moyen, le temps de travail est considerablement reduit 
et il est ainsi possible de proceder 4 retude deplusieurs regimes 
de fonctionnement d’une mdme installation. 

Le programme de calcul represente par rorganigramme 
simplifie de la Figure 7, indique la suite des operations k effectuer 
par la calculatrice, afin d’obtenir les courbes ddsirees. 

Ce programme peut etre suivi d’un sous-programme qui 
ordonne I’impression directe des resultats sous la forme du 
graphique w, t' demande. Dans ce cas le travail de I’operateur 
se borne k relier par un trait continu les differents points du 
graphique (w, t') sur lequel figure, en plus, la condition donnee 
par la relation (6): > 0. Ainsi la zone d’instabilite est claire- 

ment definie et les points du plan compris dans la zone de 
stabilite sont cotes en valeurs de la pulsation 55 de I’oscillation 
de reglage (ou de sa pdriode T'O du facteur d’amortissement ou 
du decrement logarithmique. 


Utilisation des Diagrammes Fr^uentiels pour Exprimer les 
Conditions de Stabilite (Marge de Phase et Marge de Gain) 

Les equations fondamentales du reglage (1), (2a), (3) per- 
mettent de calculer les fonctions de transfert du dispositif de 
reglage, du groupe hydro-eiectrique et par consequent du circuit 
de reglage au complet. 


Fonctions de Transfert 


(a) Du dispositif de reglage: 

G - 

^ x'p Aco 
ib) Du groupe hydro-eiectrique: 

g yyg j) 


G,=- 


a /T , 0a -A {6 t\ 


Act) 


(c) Du circuit de reglage: 
G=(-G1) 


(G2)= 


(16) 



[1+ 

mp2 


^_e 

vs j 

)^] 


b'p] 

'-+1 

e ^ 


0OC 

-+e^ 

vs 


V 

1 

1.] 


(18) 


p est rop6rateur complexe qui pour le cas de sollicitations 
sinusoldales prend une valeur purement imaginaire im. 

La fonction de transfert (18) permet d’examiner le compor- 
tement frdquentiel du circuit de r6glage. Pour ce faire, il est 
n&essaire de determiner le module | Go | et I’argument Og pour 
des valeurs de la pulsation 55 se rdpartissant sur une gamme 
sufiisamment dtendue. 

representation graphique de | Go 1 et de Og peut se faire 
de diverses manieres. Nous choisirons le diagramme amplitude- 
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phase, qui nous permettra de ddfinir la marge de phase et la 
marge de gain dont depend le degr6 de stability. Les echelles 
seront d^ lors les suivantes: 

Pulsation on frequence angulaire d>: dchelle logarithmique en 
abscisse. 

Module de Ga (/d)): en ddcibels sur une ^chelle lindaire, en 
ordon^e. 

Argument de GgO^) ’* en degrds sur une ^helle, en ordonn^e. 

La Figure 2 donne un diagramme amplitude-phase et la 
Figure 3 donne la representation correspondante dans un 
diagramme polaire. 


A chaque couple de valeurs m, r' correspond pour une 
installation et un rdgime de fonctionnement donnds, une valeur 
dite pulsation de coupure pour laquelle | Gc? 1 = 1 ou ce qui 
revient au m^me 20 log | Gg | = 0 dB, 

La valeur de ddfinit alors une marge de phase y selon 
requation (22). 

La marge de gain est la valeur ^ du gain (module) lorsque la 
marge de phase est nulle. (Voir Figure 2 et 3.) 

Determination de la Marge de Phase et de la Marge de Gain, 
Utilisation d’lme Calculatrice Electronique 



Figure 2 . Diagramme amplitude-^phase 



Figures* Reprisentation en diagramme polaire* p: marge de gain; 
y: marge de phase; argument de G; cOq.- pubation de coupure 


Module: 




Argument: 


dg =arc tg may +arc tg s 


—arctg 


^ [o el 

co+arctgsl —— j J- 
\ e vs / 

_ 8 \ V 8 / 


La marge de phase a I’expression suivante: 


y = 180° + Oq (voir Figure 3) (21) 


y=90°+arc tg mco+arc tg 8 


VS ^ 


6 -^] 

)■] 




L’61aboration du graphique amplitude-phase peut se faire 
ais6ment au moyen des diagrammes approximatifs d’amplitude. 
La courbe | Gg | = /(d)) est remplacde par les asymptotes k ses 
divers tron^ons (voir Garsoux’). Toutefois, si ce travail ne 
prdsente pas de difficultds particulieres, il est long et fastidieux 
pour un grand nombre de points. 

Nous avons eiabord un programme de calcul destind a une 
calculatrice numdrique qui determine pour chaque point du 
plan (m, r') la valeur de la marge de phase y, correspondant a 
un rdgime de fonctionnement d^termin^ d’une installation. 
L’organigramme simplifid de la Figure 4 montre la suite des 
operations k effectuer par la calculatrice pour obtenir la valeur 
de la marge de phase. 


Representation de la stability d\in groupe hydro-electrjque 



Figure 4* Organigramme simplifie du calcul de la marge de phase 
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EXPOSlfe D’UNE MetHODE D»ELABORATION DE GRAPHIQUES EXPRIMANT LES CONDITIONS DE STABILITY DU RjeOLAGE 


Regime® 



Regime ® 

r:=20sec| 

ni8sec olsi^sec 
T^rQ889 

P*^6sec Rigime® 

Nsvaeo ch 

rIAsec Ql72S§'sec 
1^=0820 

Roseau ohmique(fitrs*1) 


Figure 5 . Example de calcul pour une turbine KAPLAN, x: coefficient (Pamortissement; 
8*: decrement logarithmique; T": pseudo pdriode de Voscillation 


La marge de gain pent 6tre calcul6e de la mdnie maniere que 
la marge de phase. 

Les courbes marge de phase nulle (y == 0), marge de gain 
nulle (jLi = 0), coefficient d’amortissement nul (x = 0), d^cr6ment 
logarithmique nul (5* == 0), se recouvrent toutes sur une unique 
courbe qui correspond k la limite de stability. 

Dans le plan w, r' de la Figure 6 sont tracdes les courbes 
y ~ Cte et /^ = Cte (voir le chapitre suivant). 

Exemple d^un Calcul 

Nous avons appliqu6 la m^tliode expos6e ci-dessus k I’instal- 
lation d’une turbine KAPLAN, dont Talternateur fonctionne 
isolement sur un r^seau s^pard. Nous avons 6tudi6 deux cas, 
cherchant k montrer la difference entre les conditions de stabilite 
selon les regimes de fonctionnement consid6res. 

Cas A 

Nous admettons que le groupe hydro-eiectrique fournit une 
puissance donnee k un r^seau de caracteristique purement 
ohmique: = — 1 dans un regime de chute maximum et dans 


Tableau 1 




Rdgime 1 

Rigime 2 

Puissance 

ch 

7860 

7860 

Chute nette 

m 

18.00 

10,00 

Debit 

mVsec 

37,00 

72,00 

Rendement 


0,885 

0,820 

T 

sec 

7.7 

7.7 

6 

sec 

0.67 

2.5 

oc. 


1.26 

0.51 

PD^ 

kgm^ 

465000 

Vitesse de rotation 

t/min 

187,5 


un regime de chute reduitc, Les caracteristiques ddfinissant ccs 
deux regimes de fonctionnement figurent dans le Tableau L 

Sur le graphique de la Figure 5 ont eid tracees les courbes 
X == Cte, S* — Cte et T" = Cte correspondant aux deux regimes 
de fonctionnement. 

Le graphique montre combien differentes peuvent Ctreles 
conditions de stabilite pour un groupe debitant la memo puis¬ 
sance sur un teseau de meme nature, mais sous dcs chutes et 
avec des debits differents. 


Tableau 2 




Rdgime I 

Regime 2 

Puissance 

ch 

7860 

Chute nette 

m 

10,00 

Debit 

m®/sec 

72,00 

Rendement 


0,820 

PD^ 

kgm* 

465000 

T 

sec 

7.7 

0 

sec 

2,5 

Vitesse de rotation 

t/min 

187,5 

a 


0,51 

2,51 


Cas B 

Nous admettons que le groupe hydro-eiectriquc fournit une 
puissance donnee k un reseau qui dans un premier regime est 
purement ohmique: — 1 et auquel dans un deuxieme 

regime, le reglage de tension reieve la pente de la courbe du 
couple r^istant ^ = + 1. Les caracteristiques definissant ces 

deux regimes de fonctionnement figurent dans le Tableau 2, 

Sur le graphique de la Figure 6 ont etd traedes les courbes 
y = Cte, fx « Cte. Ce graphique montre clairement Pinfluence 
de la valeur d’^ (difference des pentes des courbes des couples 
moteur et resistant) sur les conditions de stabilite. Cette influence 
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Regime 0 
N = 7860 ch 
HslO^OOm 
Q= 72mVsec 
1) * 0,820 
ofr= -1 

(Roseau ohmique) 

Regime (2) 

Ns 7,860 ch 
Hs 10,00 m 
Qs 72mVsec 

V s 0,820 

(Statue 
tension-frlquence) 

Puissance §gale 
ecrdift^rent 
7 m 


Fissure 6, Exemple de calcul pour une turbine KAPLAN, p: marge de gain; y: marge de phase 


est fort connue des praticiens, qui preconisent alors d’agencer le 
r6gulateur de tension de fagon k permettre d’ajuster la valeur 
du statisme tension-frequence. 

Conclusions 

La methode proposee permet d’avoir une vue d’ensemble 
des conditions de stabilite du r^glage d’un groupe hydro- 
^lectrique. Les exemples presentds montrent combien les con¬ 
ditions de stability varient avec les regimes de fonctionnement 
consideres. L*6tablissement de ces graphiques permet de deter¬ 
miner par avance, lors des etudes, les conditions de stabilite. 
On en deduit les valeurs de w et r' ^ realiser par le regulateur 
lors de la mise en service. Dans la suite des donnees, il reste en 
general une imprecision: la valeur de caracterisant le couple 
resistant. L’emploi d’une calculatrice numeiique permet d’etudier 
rapidement plusieurs cas possibles correspondant k differentes 
valeurs de oCf, Mais ces graphiques permettent surtout de se 
rendre compte des exigences des « Cahiers des Charges » des 
differents clients et d’apprecier ces exigences avec les cqnditions 
de rinstallation et les n6cessit6s de la construction. 


Nomenclature 


Ao) 6cart relatif de la vitesse (frequence) = co — (oJcdq 
Apy ficart relatif de la puissance r6sistante de Taltemateur 
L Longueur totale des conduites d*amen6e et de restitution entre 
le niveau de la chambre d’6quilibre et le, niveau de restitution 
T Inertie specifique du groupe hydro-61ectrique 
a C616rit6 de Tonde du coup de b61ier 

g Acc616ration terrestre 

6 Inertie sp6cifique de la conduite 

Q Caract6ristique de la conduite 

(Xfn Pente de la courbe de I’^cart relatif Acm du couple moteur en 
fonction de r6cart relatif de vitesse Aco 
Pente de la courbe de Pdcart relatif Ac^ du couple resistant de 
Talternateur en fonction de I’dcart relatif de vitesse Aco 


(X = 


V 

P 


A = 


(Xr-ocm 

Rendement de la turbine 

Pente de la courbe de Tdcart relatif de d6bit Aq absorbd en 
fonction de I’^cart relatif de vitesse Aco 


3 — p _ 2 , 1 

2 ” l-p ^ ^_ifi 


5Apo 


e-v 


e-vp R = v C = -y—1 


Abr6viations utilis6es 
dans les calculs 


Le syst^me' de notation utilis6 est bas6 principalement sur ceux 
employes dans les ouvrages^» ceci afin d’en faciliter le raccord. 

Ce chapitre d6finit les symboles principaux. Certains sont d6fiius 
dans le cours du travail. 

L’indice o caract6rise la valeur de regime. 

Systemes Hydraulique, Electrique et des Masses Tournantes 

H Chute nette k I’entr^e de la turbine 
Q D6bit variable de la turbine 
P Puissance variable de la turbine 
Ah ficart relatif de chute M — HJHq 
A q ficart relatif de d^bit Q — fio/Qo. 

Ap ficart relatif de puissance P — Pq/Pq . 

ApQ ficart relatif de puissance sans I’effet de,,r6cart de vitesse du 
groupe, ni celui de r6cart de chute 


Systeme de Riglage 

m Temps caract6ristique du dosage acc616rom6trique 
t' Temps caract6ristique de la rapidity de r6ponse du- regulateur 
(promptitude) , 

CO Pulsation (pseudo-pulsation) de roscillation de rdglage 
z = (oLla grandeiu: caracterisant Tinfluence de la conduite forcee 
/ = tg z/z abreviation introduite dans les calculs 
T"=27cIco periode (pseudo-periode) de I’osciUation de reglage 
X Facteur d’amortissement 

6* Decrement logarithmique relatif k une pseudo-periode 
6* —(2* nfcb) • X 

r'g Temps caracteristique effectif de la rapidite de reponse du 
regulateur dans le cas de Fasservissement temporaire 
r" Temps caracteristique de la rigidite de Tasservissement temporaire 


92 




EXPOSfi D’UNE M£TH6DE D’ELABORATION DE ORAPHIQUES EXPRIMANT LES conditions DE stability DU R^GLAGE 


References Bibliographiques 

^ Gaden, D. Considerations sur le Probldme de la Stability, 1945. 
Lausanne; La Concorde 

® PnsroouD, P. Calcul th6orique et pratique de la condition de 
stabilit6 du r^glage acc616ro-tachym6trique d’un groupe hydro- 
61ectrique fonctionnant isol6nient. Inform. Techn. Charmilles 6 
(1956) 

® Gaden, D. Influence de Certaines Caracteristiques Intervenant 
dans la Condition de Stability. Lausanne; La Concorde 


^ Borel, L. Essai de systematisation de retude du r^glage d*un 
groupe hydro-eiectrique. Bull, tech, Suisse Romande 7 (1958) 

® Borel, L. Stability de Riglage des Installations Electriques, 1960. 
Lausanne; Payot 

® Raeber, V. Stabilite de riglage d’un groupe hydro-electrique. 
Bull, tech, Vevey (1959) 

^ Garsoux, J. Les Syst^mes Liniaires, I, Analyse frdquentielle; 

11. Regimes transitoires. 1961. Paris; Dunod 
® Pun, L. Regulation de vitesse de groupes hydro-eiectriques. 
Analyse et recherche d’une condition optimum. Bull. Soc. franc. 
Elect. 58 (1955) 


DISCUSSION 


Introduction par Vauteur 

Le rapport qui vous a ete soumis fait partie d’un travail plus vaste 
concernant la stabilite des groupes hydro-eiectriques. L’un des huts de 
ce travail est de pouvoir determiner par avance les valeurs des para- 
metres d’ajustement du regulateur, afin de realiser une mise en service 
aussi rapide que possible et sans aucun t^tonnement. 

Le texte propose explique les moyens permettant de determiner 
facilement les graphiques exprimant les conditions de stabilite. Nous 
avons utilise une calculatrice eiectronique qui rend le travail tres rapide 
et precis. 

Mais il existe des cas ou il est necessaire de pouvoir tracer ces 
graphiques avec des moyens plus simples, lorsqu’on est dans une 
centrale par exemple et que Ton ne dispose pas de moyens de calcul 
aussi efficace qu’une calculatrice. En admettant que le coup de beiier 
soit un phenomene de masse, ce qui est parfaitement valable pour les 
basses chutes (grande valeur de p), il est alors possible de ddterminer 
assez rapidement le centre, les axes et les asymptotes de I’hyperbole 
repr6sentant la limite de stabi]it6 et les courbes k coefficient d’amortisse- 
ment constant. Le calcul est k faire pour chaque valeur de «. Le fait 
que r^quation des diff6rentes hyperboles ne comprend pas de terme 
constant, signifie que la courbe passe par I’origine, ce qui facilite 
encore la construction. 

Figure A, En complement du rapport, j’aimerai insister maintenant 
sur quelques points particuliers. 

Si rhypothdse du coup de beiier en qualite de phenomene de masse 
est parfaitement admissible pour des basses-chutes, ce n’est plus le cas 
pour des installations k moyenne et haute chute. Nous avons represente 
sur la Figure B, deux calculs relatifs k une turbine PELTON fonction¬ 


nant sous 480 m de chute et alimentee par une conduite de 2326 m 
de longueur. 

Le reseau de courbes en trait plein correspond au calcul fait en 
considerant le coup de beiier sous forme d’onde. 

Le reseau de courbes en trait interrompu correspond au calcul fait 
en considerant le coup de beiier comme un phenomene de masse. 

La difference particulierement grande est due aux caracteristiques 
de I’installation. Neanmoins, cela montre clairement que Thypothese 
du coup de beiier comme phenomene de masse n’est pas admissible 
dans certains cas. 

Donnees concernant la Figure B 


PD^ 

40000 

kgm® 

n 

600 

t/min 

L 

2326 

m 

S 

0,8 

m® 

a 

1080 

m/sec 

N 

9350 

ch 

Q 

1,7 

m®/sec 

Hn 

480 

m 

V 

0,88 


T 

5,5 

sec 

0 

1,08 

sec 

P 

0,24 



La question principale quel’on se pose lorsqu’on etablit une methode 
de calcul est de savoir si les bases admises pour le calcul soht suffisam- 
ment prochcs de la rdalite et si la methode de calcul est suffisamment 
exacte. Pour rdpondre k cette question, nous avons procede k une 
serie d’essais sur des machines industrielles afin de determiner pour 


T' 

3l- 


m 



Figure A, £tude de la stabilite d'un groupe hydro-electrique construction par voie graphique de la courbe. « = 0,000 
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un certain nombre de points de fonctionnement les conditions de 
stability, que nous comparons avec les r6sultats d’un calcul entrepris 
avec les mdmes bases. Je ne veux pas entrer dans le ddtail de la nature 
et du d^roulement de ces essais, mais ne vous cacherai pas que I’ex^- 
cution de telles mesures oflfre passablement de difficultds. 

La Figure C est la reproduction d’un enregistrement d'une oscilla¬ 
tion amortie. II s’agit d’un groupe KAPLAN de 12950 ch ddbitant 
sur un r6seau isol6. 

Donnies concernant les Figures C et D 


Pi)2 

465000 

kgm* 

n 

187,5 

t/min 

L 

40,90 

m 


12,00 

m^ 

a 

1300 

m/sec 

N 

7850 

ch 

Q 

40 

m®/sec 

Hn 

16,80 


V 

0,89 


T 

7,7 

sec 

d 

0,635 sec 

P 

10,7 



Le r^seau r&istant est constitu6 par une chaudi^re dlectrique et le 
r^gulateur de tension est en service. Statisme turbine 0 per cent ainsi 
que le statisme tension-frequence. 

d* = 0,40 
« =0,023 


La Figure D est la reproduction d’un enregistrement d’une oscilla¬ 
tion amplifi6e. Nous nous trouvons ainsi dans la zone d’instabilite et 
sans qu’aucun ordre ou perturbation ne soit donne, dhs que les para- 
metres m et r' sont ajust^s aux valeurs fixees pour I’essai, les organes 
de la turbine et la frequence entrent en oscillations amplifiees. 

11 s’agit dans cet essai de la m^me installation que celle au cliche 
precedent. 

La Figure E est la reproduction d’un enregistrement d’une oscilla¬ 
tion amortie. II s’agit d’un groupe KAPLAN debitant sur une resis¬ 
tance hydraulique. 

Donnies concernant la Figure E 

P]y^ 3410000 kgm2 

n 136,4 t/min 

/ 72 m 

s 21,40 m* 

a 1300 m/sec 

N 14200 ch 

a 56,60 m®/sec 

Hn 20,35 m 

V 0,925 % 

T 16,3 sec 

6 0,94 sec 

9? 8,5 

6* 0,75 

« 0,42 



Figure B, £tude de la stabiliti d*un groupe hydro-ilectrique turbine FELTON, 9350 ch. 
Comparaison entre les calculs: / = 1 coup de bilier de masse; f \ coup de biller sous forme d*onde 



Oscillation amortie (stable) 

Figure C, £tude de la stabiliti d^un groupe hydro-ilectrique turbine KAFLANy 12950 ch. Ft de fonctionnement: 

6,26 MW; Q = 40m®/sec; t' == 1,03 sec; Hn = 16,8 m; wi = 1 sec. Riseau sipari constituipar une chaudiire ilectrique 
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Le r6gulateur de tension n’est pas en service ce qui donne une allure 
stabilisante k la loi du couple en fonction de la frequence. 

Ces quelques exemples vous montrent des r6sultats de mesure sur 
des machines industrielles. II est n6cessaire de comparer ces r^sultats 
avec le calcul effectu^ dans les mSmes conditions que pour les essais. 


La Figure i^repr&ente la comparaison entre le calcul et les mesures 
dans le cas de la turbine KAPLAN de 12950 ch dont le r^eau s6par6 
sur lequel elle d6bite est une chaudidre. Le r^eau de courbe correspond 
au calcul effectu6 selon la mdthode prdconisde. Les points mesurds sont 
places sur le r^eau. Dans un certain nombre d’essais, nous avons pu 


—Ordre* 















A. TSCHUMY 


EssaiNo. 

Ft. fonct 

ionnement . 

Valeurs calcuUes 

Valeurs mesurees 

Remarques 

m 

t ' 

n 


n 

X 

sec 

sec 

702 

0,66 


0,94 

0,043 




902 

0,66 


0,72 


. 0,75 


Turbine KAPLAN 

1102 

0,66 

0,50 

0,63 

0,035 

0,64 

0,038 

31500ch 

S 5 

1.0 

1,03 

0,40 

0,023 

0,41 

0,027 


S 11 

1.0 

1,26 

0,40 

0,030 

0,45 

0,027 


. S 17 

1.4 

1,03 

0,54 

0,035 

0,50 

0,032 

Turbine KAPLAN 

S 6 

0.4 

1,03 

Instable 

InsU 

ible 

12950 ch 

S 12 

. 

0.4 

1,26 

Instable 

Instable 



Figure G, ttude de la stabilite d'un groupe hydro-dlectrique comparaison entre resultats d\ 


essais et mesures 


determiner les valeurs de «(d*, T") alors que pour d’autres Foscilla- 
tion est tenement amortie que la determination de « par mesure de 
plusieurs oscillations n’etait pas possible. 

La Figure G presente la comparaison entre le calcul et les resultats 
d essais et ceci sous forme de tableau de chiffres. La comparaison est 
faite sur les 2 turbines deji citees et nous constatons une bonne con- 
corctoce. J’estime cette concordance bonne en connaissant les diffi¬ 
culty qu’il y a 4 effectuer des calculs et executer des essais dans des 
conditions exactement identiques. 

En complement du rapport j’ai voulu par ces quelques exemples 
vous montrer combien les conditions de stability peuvent Stre difiKren- 
tes suivant les divers points de fonctionnement et qu’il est n6cessaire 
de Mrrer le probteme de pr4s (abondon de la turbine-orifice, du coup 
de belier de masse dans certains cas). Les mesures faites sur des machi¬ 
nes industrielles, bien qu’encore en norabre relativement rdduit, mon- 
trent une bonne concordance avec les calculs. 


B. Favez, Electricity de France, 12 Place d’Etats-Unis, Paris 16,France 

(1) What is the author’s opinion on the advisability of taking into 
acTOunt the random nature of load fluctuations when calculating the 
optimal values for the controller parameters? 

(2) Does the author think that the two types of controller consider¬ 
ed in his paper are the optimal ones for the control of hydraulic 
turbines supplying single alternator networks? 

(3) In the author’s example of a KAPLAN turbine, does he take 
into account the control of the turbine blades as well as that of the 
gate, or only the control of the gate ? 

A. Tschumy, in reply 

(1) The small random load variations for the calculation of optimal 
parameters have not been taken into consideration. Our 
“dustrial machines have shown that these variations were, 
compared with the linear perturba- 
tiom crated. We believe that these small variations might be neglected. 

accelero-tachometrical 

becauM^f^*^ njentaons the rase of the temporary automatic controUer 
^use of ite practical development. The Society where I am working 

£ntS« triS *““^f«“y/eveloped the accelero-tachometrical 
mediamcal version, then the electrical type. The 
projiction of electrical controllers aUows us to realize. X quite 

cboici These are the reasons of our 

S omu ? ‘ *5®^ ®''® ‘optimum’ controller 

m i “““ccted with any controller type. It is suflBcient 

° w**®® *® corresponding to the controller. 

nerSi* v- ^ case of a KAPLAN turbine there is a 

of the minor extremities. Our controllers are based on these pitoeX 


I admit, however, that in practice the double regulation of KAPLAN 
turbines is a source of error and delay. 

If you wonder why we have made comparative studies of KAPLAN 
turbines alone, the reason is that we have two customers who provided 
us with separate systems, and the controllers were fitted to turbines of 
that kind. 

I hope to be able to experiment on turbines with simple regulation 
such as Francis turbines. * 

D. Rumpel, Siemens-Schuckertwerke, Erlangen, Germany 

^ interesting paper on an investigation of turbine 
stability using a digital computer. Here I wish to present another 
method (Figure A) which has several advantages and some disadvan¬ 
tages over that of Mr. Tschumy. 

We have compiled a programme which computes the stability 
region of any linear control system. Two of the parameters V, and K 
of the control loop under investigation may be varied, e.g. the para- 
ineters t' and m in Mr. Tschumy’s paper. The coefficients of the 
characteristic polynomial equation of the system will be functions of 
the parameters and V^. Using Routh’s stability criterion, the pro¬ 
gramme systematically searches the K, and plane for stable and 
unstable points. Each time the stability boundary is crossed with 
constant ordinate Vx, the abscissa of the boundary is improved by 
succ^sive interpolative approximations. For this interpolation, the 
step length is reduced by a factor of two after each step. Hence, after 
ten steps the accuracy is better than one thousandth of the probing 
step length. The coordinates of the stability boundary found by this 
method are then punched out. 

If the characteristic equation is transformed by substituting p' for 
p where — p -V x, this programme will compute curves of constant 
damping factor z. instead of the stability boundary. Figure B shows 
the stability boundary of a KAPLAN turbine. In this case the time 
constants of the two main servomotors for the runner blades and the 
guide vanes are the parameters F, and F,. The investigation deter- 
nuned the damping resulting from different values of these two para¬ 
meters. The damping was meastired here in terms of a damping time 
constant. 

Figure C shows a second example, the stability boundary for a 
PELTON turbine. The parameters are the gain and reset time of the 
regulator. A third parmeter is the inertia time constant. The trans¬ 
portation lag of the pipeline was represented by a third order Padd 
approximation. The pipeline in this plant is relatively long and inclined 
at a relatively small angle to the horizontal. The flrst resonant fre¬ 
quency of the pipeline is therefore nearly coincident with that of the 
whole system. I wish to stress this point, because I am not sure whether 
or not the iteration procedure in Mr. Tschumy’s programme is conver¬ 
gent in this case. 

The main advances of this digital method are its broad scope 
and flexible application. Indeed, there are almost no restrictions on 
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Guide vane servo time constant 


EXPOSfi D’UNE MfiTHODE D’ELABORATION 0E GRAPHIQUES EXPRIMANT LES CONDITIONS DE STABILITY DU RfiGLAGE 


Ao + Ai p+ A 2 + ♦ • + Ayp^+-4 A,gP*^ 

Characteristic polynomial ^ _ P y^ j 



Scanning of set control area 



Searching of stability boundary 


Figure A, Digital computer. Programme for calculation of stability limit 


Damping time constant 



Runner-blade servo time constant 


Figure B. Control of KAPLAN turbines. Influence of time constants of 
main servomotors on stability 
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Figure C, FELTON turbine control. Stability limits with varying starting 
time constants 
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the structure and order of the system or on the choice of the para¬ 
meters to be varied. The disadvantages are the need to calculate by 
hand the characteristic equation from the system data (this will be 
changed in the near future), the fact that the resonant frequency is not 
computed and the amount of computing time required, which is 
probably more than that with Mr. Tschumy’s programme. 

A. Tschumy, in reply 

Dr. Rumpel establishes stability curves using parameters that differ 
from our own. This is perfectly feasible, but I would like to point out, 
however, that on our electric controllers we find that two commutators 
allow us to adjust m and if. During operation, stability is ensured by 
proper adjustment of these two parameters. The choice is therefore 
made for good practical reasons. 

Dr. Rumpel emphasizes that his calculations are precise to the 
order of 0*1 per cent. It is quite unnecessary to work to this degree 
of accuracy and I am sure anyone who has experimented in this field 
will agree with me. 

With regard to the effect of the pipe, I can say that we are taking 
account of this in the equation for ram pressure. Tf we introduce this 
into our calculations we have a complete picture of the conditions for 
stability or instability of the system. 

L. Borel, E.P.U.L., Epalinges^ Switzerland 

(1) The damping factor x of the two conjugate roots does not appear 
sufficient for judging the degree of stability of the installation. In fact 
a characteristic equation of the third order has three roots. It may be 
that the third root, which is real, gives rise to better damping than 
that of the two conjugate roots. This problem becomes even more 
important when the characteristic equation is higher than third order. 

(2) The example of the KAPLAN turbine has been treated by 
taking into account the three hydraulic parameters otm, P and /. In 
practice the hydraulic behaviour of a KAPLAN turbine is determined 
by six hydraiflic parameters. 

A. Tschumy, in reply 

(1) The case of a root situated on the real axis of the complex plane 
did not escape us. This is the case of an aperiodic damping. This point 
has to be studied in the same way as in the general case. 

(2) As to the KAPLAN turbine, we have considered this as an ideal 
KAPLAN, but we are quite aware of the difficulties which occur in 
practice. 
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Digital Investigation of Multi-machine Power Systems 

H. GLAVITSCH 


Summary 

satisfy the need for a scheme by which transients in multi¬ 
machine power systems could be calculated more accurately a dieital 

lS; T? to the time variation of the armature flux 

linkage are neglected and saturation is not taken into account 

re^J^f '^to‘*tngs of the synchronous machines is 

represented correctly according to the two-reaction theory The 
^pr^ntation of the synchronous machines includes speed gwemom 
^d voltage regulators. Because of the required storage capacity and 
^ rating tune the outlined digital method is not practical for systems 

^ ^ nwchmes in order to make thorough studies. 
bJ th? ?t. Progra^e here was set up for a three-machine problem. 
reL,5«n« integration method (Runge-Kutta-<}ai) non-linear 
regulatmg devices can also be handled. To iUustrate how this pro- 
^amme ^ be used the transient stability of a long-distance power 
TOnsistmg of power station, synchronous condenser Md 
^te b^ IS investigated. Curves show the rotor angles as functions 

SeS“ofS:drp“sz 


&imdkgen gelten g^ allgemein fiir ein Mehrmaschinensystem, je- 
dochist^ehiergewahlteDarstenungsweiseaus Grunden der Speichw- 
Upunm und Rechenzeit nicht fiir ein System mit einer sehr^oBen 
^^1 von Maschinen geeignet. Es ist vielmehr daran gedacht 
S^teme mt wenigen Synchronmaschinen eingehend behandeln zu 
konnen. Das ausgefflhrte Rechenprogramm wurde fUr ein Drei- 

Integrationsverfahren 
Behandlung von nichtUnearen 
StAhUiS'i^ ^ Rechenprogramm wird die dynamlsche 

^Tft J- t^rtra^ng flber groBe Entfemungen untemucht. die 
aus K^twerfc Phasenschieber und starrem Netz besteht. Kurven 
zeigen den zeittchen Verlauf der Polradwinkel fUr verschiedene Regel- 
parameter und die Wirkung der Dfimpferwicklungen. 


Introduction 


Sommaire 

Un probteme qui se pose actuellement est le traitement, d’une maniSre 

d^tfhir“*““‘ synchrones reli&s par un r&cau. 11 a 6t6 6tabU 
^ calculaMce num&ique bas6 sur 

to thforie de Park Les efffets de saturation et de la variation du flv« 

niM^J**** par centre, I’amortissement provoqu6 

®^°"^‘^”*”f.toriques est calcul6 en suivant exactement la 
laeone. La rep^ntation des machines synchrones comporte des 
t^gulateurs de vitesse et de tension. Les bases thtoriques Sr^awS 

machines; les difHc^tfe proviennent 
lo,w ? * M m6moire et en temps de calcul 

6'^^r “ombre de machines. 11 est interessant 

SetittombrT/ approfondie les syst&nes comportant un 

I»tit noinbre de machmes; le programme actuel est liinit6 au cas de 

(Te^SrTfff ^’integration (Runge-Kutta-Gill) permet' 

ll^nn * T de r^gulateurs non lindaires. Comme example de 
calcul, on analysera la stabilite dynamique d’un systbme de trans- 

en une usine ilectriquJ reHee k 
un rfewu de puissance mfinie par I’intermediaire d’une longue Mane 

«>toP«n^teur s^iSe. Gn 
^ representations graphiques, donnant pour diverses va- 

It tomps, 

et exprimant 1 effet des enroulements amortisseurs. 


Urn dem BedWnis einer mSgUchst ei^en Behandlung der dvna- 
miKhen Vorg^nge in Synchronmaschinen, die ilber ein passives Netz 
^mander verbunden sind, Rechnung zJ tragen, ^?^e S XiSS 

Zw^iachsentoS? 
toansfomatorische Efiekt des Statorflusses sowie die Sfitti- 
^g werden auBer acht gelassen. Entsprechend der Zweiachsen- 

S'bSdSchto Rotorwicklungen der Maschinen 

Synchronmaschinen werden mit Drehzahl- 
und Spannungsregler dargestellt. Die dargelegten theoretisdien 


Modem control systems have found a wide field of application 
m the regulation of generators in power systems. There voltage 
regiflators and speed governors have to be built according to the 
conditmns of parallel operation and with the total system in 
viw. Hence the necessi^ arises of predicting the effects of 
different characteristics of these devices on the dynamic be- 
hainour of toe system with the aim of securing transient stability 
which IS of prime importance. In a thorough analysis of the 
d^amic behaviour of a network the knowledge of the internal 
characteristic of the synchronous machines interconnected by 
the network is essential. As investigations on digital and analn gin- 
computers have shown, damper windings are of prime impor- 
ttoce for stabfli^ in critical cases. Hence the representation of 
the generators and the network should be as comprehensive as 
possible m order to get a true picture of how the system is affected 
by the different control elements. A method treating one gener¬ 
ator only m connection with an infinite bus is not sufScient since 
mu^ effects between the different synchronous machines may 
e important. It was these facts that caused the working out of 

a dynamic digital programme characterized by the following 
points: 

(1) Treatment of several synchronous machines intercon¬ 
nected by a network. 

(2) Comprehensive representation of the synchronous 
machmes according to Park-Gorev’s equations. 

(3) Inclusion of linear or non-linear voltage regulators and 
speed governors. 

(4) Discontinuous change of the characteristics of the net- 
work to represent disturbances and faults. 

(5) Integration of the system by the method of Runge- 
Kutta-Gill. 

Saturation is not considraed, neither, as in general practice, 
are the terms due to the time variation of annature flux linkage. 
The theory applied in the following is generally valid for a 
multi-machine syston, but owing to the limited storage capacity 
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of digital computers and the operating time which increases 
rapidly with a growing number of generators, this method is 
practical only for systems of moderate size. 

The digital programme described in this paper is laid out for 
a system of three synchronous machines in compliance with the 
points given above. The intention is to use it on problems 
showing the basic features of the parallel operation of synchro¬ 
nous machines and how the system is affected by the control 
devices. 

Similar programmes have already been set up ® either 
intended for a single machine connected to an infinite bus or 
designed for systems with numerous machines where certain 
characteristics of the system are represented in an approximate 
fashion only, e.g. damping. 

Especially on analogue computers, various investigations^' 
of this kind have been carried out showing that the set-up 
becomes quite elaborate if the representation includes secondary 
effects as well. 

Problem Delineation 

Figure 1 shows a schematic diagram of a multi-machine sys¬ 
tem as it will be represented by the digital programme. The net¬ 
work is assumed to be linear and passive. Transmission lines and 
loads have impedances independent of frequency. Each of the 
synchronous machines has two control circuits, the driving and 
the excitation system. Assuming a balanced load a single phase 



Figure 1, Schematic diagram of a multi-machine power system 

N Network characterized by the admittances Yn 
iff Uf Current voltage at tlib terminals 
Mf Synchronous machine 
Ef Excitation system 
Tf Prime mover 1 . . . 

0, Speed governor system 


representation of the network is sufficient, and by means of 
sequence networks an unbalanced case can be handled as well. 
All the characteristic data of the synchronous machines are 
known as well as the steady-state loadings. The driving and the 
excitation systems are described by equations or transfer func¬ 
tions. 

In a problem of this kind simulation and observation of the 
dynamic behaviour are the only means of judging the stability 
of the system and the performance of the individual elements 


since the application of stability criteria is impossible. Hence 
the various electrical and mechanical quantities in the system 
have to be computed as functions of time. 


The Fundamentals of the Programme 

All the following equations are written in per-unit. 

The Network 

As the network, all of the elements between the terminals of 
the. synchronous machines are taken according to Figure L 
Since it is linear and passive the relationship between the 
variables at the terminals can be expressed by a matrix equation: 

( 1 ) 


(1 


Uy 


; u= 

uz 

. 





• 




where z,*, are current and voltage at the terminals, n is total 
number of machines, and (J, / == 1, 2, 3,...,«) is the matrix 
of input and transfer admittances where Y^i — Yij, The elements 
of these vectors and matrices are complex quantities. 


The Synchronous Machines 

Their dynamic behaviour will be described by means of the 
two-reaction theory (Park-Gorev’s equations^) where the terms' 
due to the time variation of the armature flux linkage are 
neglected. It is feasible to include saturation in the frame of the 
two-reaction theory, but owing to lack of storage capacity it 
could not be included in the present programme. 

The equations of Frey and Althammer^ for a single synchro¬ 
nous machine are employed here with some supplements with 
consideration of the above-mentioned simplifications. 

The equation of the rotors 

(3) 

The equation of the armatures 

»qt=nihi 

The mechanical relationships 

(5) 

-n„) (6) 

A+z+ift (7) 

where ni is speed of the ith machine, m^i the driving torques, 

the flux linkages of the rotors, ij/ai \I/qi the flux linkages of 
the armatures, i^i hi the armature currents, z^i u^i the rotor 
currents and voltages (field voltages). T^i the time constants of 
the rotor windings, the inertia constants, k the subscript of 
the reference machine, is the nominal angular frequency, 
7?i = 1, 2, 3; I = 1, 2, 3,..., 71, and m denotes the field winding, 
direct axis and quadrature axis damper winding. 
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It should be mentioned that the rotor angles refer to a 
leference machine and not to an axis rotating with constant 
speed. Only these angular differences are meaningful in judging 
the stability. In other words, the relative position of the rotor is 
important no matter what the actual speed (frequency) of the 
system is. 

In addition, the following linear relationships between cur¬ 
rents and flux linkages for unsaturated synchronous machines 
hold: 

( 8 ) 

3 (9) 

1 

where 

9 bqi \ etc. are coefficients dependent upon the reactances 
and stray coefficients of the synchronous machines. The variables 
^ the terminals of eqn (1) may be expressed by the variables in 
the ^o axes of eqns (8) and (9) using eqn (4) leaving a system 
of hnear equations containing all the relationships between 
currents and flux linages of the system. Thus, the mutual 
coup^gs of the machine are expressed by these equations which 
are given in matrix form; 


^r=AIs+BiI/s 

0=CIg-\-D\l/g 


( 10 ) 


■ where ij/s is the vector of flux linkages of the rotors, ij/s the 
vector of flux linkages of the armatures. Is the vector of all 
currents in both axes, and A, B, C, D are matrices. 

By partitioning and inversion ij/s and Is may be expressed 
in terms of This system of finite and difloraitial equations 
IS now sufficient to describe completely the multi-machine power 
system under the above assumptions. In terms of control, the 
network with its synchronous machines could be denoted as 
plant, whCTeas driving torques and excitation voltages appear as 
contiolling variables. The controUed variables, on the other 
hand, are the speeds of the rotors and the terminal voltages, in 
soine cases the reactive current or reactive power at the terminals 
of the machines. 


As a method of integration the one by Runge-Kutta-Gill 
is employed as already mentioned in the introduction. The 
variables of the ssmchronous machine to be integrated are as 
in^ the rotor flux linkages, the speed and the rotor angle. For the 
control circuits the variables of integration are given in the 
form of eqn (11). 

Ihe Digital Programme 

B^d upon the fundamentals given above, a programme for 
the Simens 20(a* digital computer was set up, whose basic 
operations are illustrated by the flow diagram in Figure 2. 
Besides the characteristics of the network, of the synchronous 
machines and of the control circuits, the steady-state loadings 
of the machines have to be specifiedf. Starting from these 
loadings, whidi are characterized by active power and terminal 
voltage, the initial values of the network are calculated by an 
iterative process (Pos. 1 ). Havingfound the values at the terminals. 



Egure 2. Flow diagram of the digital programme 
etf £2 Start, end of computation 

1 Determination of initial conditions of the network by iteration 

2 Initial condition of the synchronous machines 

3 Selection of regulators and their initial conditions 

4 Alteration of network yes (+) or no(--) 

5 Alteration of network 

6 Integration programme 

7 Solution of the &iite equations 

8 Limiting of the controlling variables 

9 Print yes (+) or no (—) 

10 Print 

11 End of computation yes (+) or no (—) 


The Control Systems 

• 11 ^ ^ power system having « generators 

will be controlled by 2n control circuits which frequently are 
not all necessary to guarantee stable operation. The behaviour 
of th^ control circuits is described either by differential 
equations or by their transfer functions from which, in most 
practical cases, a system of differential equations of the following 
form can be derived: 

( 11 ) 

where r is the number of variables of integration of the control 
systrni. 

Quite often non-linear systems may be represented in this 
way too. The controlling variables, i.e. the output of these 
contro systems, cannot exceed certain minimum and maximum 
values (limiting). 


the other initial quantities of the machines can be computed 
directly ffos. 2). “nie programme aheady contains a series of 
sub-routines describing customary speed governors and voltage 
regulators which are called up by characteristic numbers built 
into the programme accordingly (Pos. 3). For every new control 
system not contained in the programme a sub-routine has to bo 
set up. Before starting the integration process the network may 
be altered (Pos. 4 and 5). After a predetermined number of steps 
of intention (Pos. 6,7,8) the instantaneous values of the chosen 
quantiti^ are printed (Pos. 10). On demand, a special print 
sub-routine can be added which prints the results in diagram 
form. The alteration of the network is achieved by substitution 
(Pos. 5) of another admittance matrix. 

The operating time of 9 sec/step (4-6-7-8-9-4) is relatively 
high, but this is the price for the detailed represmitation. 

* 2,000 word core, 10,000 word drum storage, 
t For n machines only »—1 active loads have to be specified. 
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Special Cases of Application 

One Synchronous Machine as Infinite Bus 

By setting dn^jdt of one machine equal to zero and sub¬ 
stituting very small reactances, this machine will behave like 
an infinite bus. In this case the torque as well as the field 
voltage does not require any control. 

Separation of One Synchronous Machine from the Network 

In this case the machine is completely isolated and has to be 
operated with speed governor and voltage regulator for a satis¬ 
factory steady-state operation. The separation is achieved by 
inserting very small admittances between the machine and 
the network. 

Synchronous Machine without Damper Windings 

It is possible that a machine in the system is not equipped 
with a damper winding in one of the two axes, or may be in 
neither of them. Any of these cases will be treated correctly by 
the programme by setting the corresponding sub-transient time 
constants equal to zero. 

Applications 

Parallel Operation of Several Synchronous Machines of Finite 
Power 

This mode of operation may occur in local networks which 
are separated from an infinite bus as in industry or in very large 


systems where groups of generators can be replaced by equivalent 
machines. A typical example is the study of load-frequency 
control where the controlled variables of the driving systems are 
linear combinations of a power in one location of the system 
and the system frequency. 

Parallel Operation of Several Synchronous Machines with an 
Infinite Bus 

For this application one of the machines (see beginning of 
this subsection) will be converted into an infinite bus. The other 
machines may represent generators, power stations or groups of 
power stations. 

By taking advantage of the possibility of altering the network 
(Pos. 5) disturbances caused by short circuits, line droppings etc. 
and their effects on the total system may be studied. Optimum 
adjustment of the control systems will be found by trial and 
error. 

Results 

As a sample calculation a power transmission over a distance 
of 600 km is investigated. On one end there is a power station 
the output of which—in this case it is the characteristic power 
of the transmission line—^is transmitted to an infinite bus. 
Halfway between power station and infinite bus a synchronous 
condenser is installed in a substation. 

In one of the two circuits of the line between the power station 
and the substation a short circuit occurs which is cleared after 
0*1 sec by dropping this circuit; after another 0-1 sec the circuit 



0 Moment of short circuit 

tx Clearing of short circuit 

fs Reclosing of circuit 
K, K\ Kr Amplilication factors 
Ti, Tr etc. Time constants 

Numbers with dashes refer to angles between network and synchronous conde^er; 
(lumbers without dashes refet to angles between network and power station. 

Curves 1, Transfer function of the voltage regulator in the powmr station 

_ K 10 

(1 + Ttp) (I + Txp) (1 + p) (I + 0-lp) 


in the substation 




K' 

i + TxP 


20 

i 


Transfer function of the speed governor in the power station 


l+TrP 1+p 

Curves 2. The amplification factor of tl 
against Curves 1 


speed governor is raised to - 100 
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Figure 4. Angular swings in a multi-machine power system 
(Effect of the damper windings) 

I 

The same denotation holds as for Figure 3 

Curves 3, Transfer function of the voltage regulator in the power station 
O0>) - 1 + - i+o-sp 

The speed governor of the power station and the voltage regulator of the substation 
are left unchanged against Curves 1 

Curves 4. Against Curves 3 the damper windings are completely omitted 


is reclosed again. The effect of this sequence of switching 
operations on the total system, the transient stability and how 
it is affected by the control systems are of interest. 

The power station and the substation are equipped with 
voltage regulators, and the generators have speed governors too. 
Figure 3 shows graphs of the rotor angles for two different 
adjustments of the speed governors of the power station: the 
favourable effect of a higher amplification (Curve 2) is quite 
obvious, but unfavourable mutual effects between speed 
governors and voltage regulators cannot be detected. A second 
pair of curves (3 and 4) illustrate the efficiency of the damper 
windings. In the system represented by Curve 4 all the damper 
windings are omitted, resulting in a considerably smaller margin 
of stability. Hence, in critical cases the damper windings must 
not be ne^ected. On the other hand, when systems represented 
without dampers are shown to be stable in a computer investiga¬ 
tion they will certainly be stable in reality too, but the under¬ 
lying assumptions are pessimistic. 

Condusions 

The last-mentioned example shows that the application of 
this digital programme is justified for systems which cannot be 
studied on an a.c. network analyser and for those which would 
require a very elaborate set-up on the analogue computer. 
Primarily, the programme was set up to study the parallel 
operation of several synchronous machines in detail and to 
investigate such a system including all controls comprehensively. 


In many cases it will be possible to reduce large systems by sub¬ 
stituting equivalent machines, thus creating a configuration to 
which the programme may be applied. This will be even easier 
when the present programme is extended. 
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DISCUSSION 


L. K. Kirchmayer, General Electric Companyy Schenectadyy N»Y,y 

USA, 

The simulation of the dynamics of a power system by means of a 
digital computer provides a powerful tool to the control system analyst 
for the study of the behaviour of the system during transients. We 
concur with Mr. Glavitsch’s observation that time-domain synthesis 
is the only practical way of judging the performance of such complex 
systems. 

The emphasis on fast control action during system disturbances 
places a premium on a complete and accurate analytical representation. 
The need for accuracy is further emphasized by the fact that the multi¬ 
machine power system inherently exhibits very poorly damped behav¬ 
iour. The addition or subtraction of small amounts of damping by the 
voltage regulators or speed governors can be critical to system stability. 

The digital computer programme described in this paper is an 
important forward step in the analysis of power system dynamics. 
'Digital programmes for machine and small system simulations being 
used at the General Electric Company have proved of great value in 
determining the feasibility of new control schemes, particularly in the 
area of excitation systems. We were interested in the author’s decision 
to neglect generator saturation in his representation. Our own studies 
have indicated that the simulation of generator saturation is important 
both from the effect it has on generator performance and because it 
loads the non-linear excitation system to the correct operating region. 
The latter reason is of significance primarily during large power system 
disturbances. 

The use of sub-routines for providing programme flexibility in the 
definition of the characteristics of the speed governors and voltage 
regulators follows our own experience. 

The operating time of 9 sec per time step is larger than we have 
experienced in running our programmes on a high speed, all-core 
computer. We find that problems such as those illustrated can be run 
in approximately real time including the automatic plotting of results. 

Although the author does not indicate how the difference between 
machine rotor angles are treated in coupling the units through the 
external network, it must be assumed that this factor has been ac¬ 
counted for. This treatment is necessary because the generator equa¬ 
tions have reference to their own direct and quadrature axes and not 
to an arbitrary set of axes. Would Mr. Glavitsch please comment on 
the manner in which this coupling is accomplished? 

In conclusion, we wish to compliment the author for his excellent 
contributions in successfully applying a moderate-scale digital com¬ 
puter to this important area of power system analysis. 


H. Glavitsch, in reply 

In answering the questions raised by Mr. Ewart and Mr. Kirchmayer, 

I would like to start with the last one, namely, how the machines are 
coupled through the network and how the rotor angles are treated. 
For this purpose I will refer to the eqns (1-10) in the paper. 

It has been stated that the rotor flux linkages being the com¬ 
ponents of the vector ^Ry have been chosen as variables for integration. 
In addition, thfc speeds nx and the rotor angles iPk are integrated. 
Assuming that a step of integration has just been completed, then 
is known and one has to calculate the currents iai and i^i (which 
are components of Is and the flux linkages yjdi and yfqi, which are 
components of y)s)» by inverting the matrix 

A B 
C D 

The elements of the matrices A and B can be taken from eqns (8) and 
(9) and those of C and D can be derived from eqns (1), (2) and (4).' 


It should be noted that in B and C many zeros will occur, hence, it is 
economical to partition the matrix and invert just D. Then this inver¬ 
sion supplies all the information to perform the next step of integration. 
The coupling of the machines is thus obtained by the matrix f>, the 
exact rotor angle is obtained by eqns (5) and (6), which again will 
affect matrix D. 

In order to be able to start the integration process the initial values 
at r = 0 have to be calculated by some other means, but this requires 
just a steady-state solution. 

As far as the saturation of the armature flux is concerned I have 
to agree with Mr. Ewart and Mr. Kirchmayer, although there will be 
cases where it is not so important. We have been aware of the fact 
that an error is introduced by neglecting saturation, but within the 
present method it would have meant a considerable complication. 
Nevertheless, as a next step in completing the programme, we are 
planning to include it. 

In replying to the comment on the computation time I would like 
to point out that the matrix inversion mentioned above has to be 
performed four times per step when using the Runge-Kutta-Gill 
method, and this takes time. 


T. Laible, Oerlikon Engineering WorkSy Zurichy Switzerland 

The exact inclusion of damping effects in a multi-machine case is a 
real innovation. For the case of one machine cdnnected to an infinite 
bus the inclusion of a damping torque proportional to slip is quite 
satisfactory. In special cases it is possible to extend this method to 
multi-machine systems. This can be done if it is possible to find some¬ 
where in the system a point where the voltage remains at least approxi¬ 
mately constant. Then one can reference all the load angles to this 
voltage vector and their time derivatives will be suitable slips from 
which to calculate the damping torques. But in the general case it is 
not possible to find such a voltage vector and then this simplified 
method is no longer applicable. The normal approach then is to 
neglect damping altogether, which is quite unsatisfactory as the author 
of the paper has shown. 

I would comment on the statement that for synchronous machine 
stability problems only actual calculation and observation of the results 
can assure the existence of stability. For a single-machine case Profes¬ 
sor Yanko-Trinitzki has applied the Liapunov method, using the sum 
of the kinetic energy, the energy equivdent to the system losses and 
the energy required for excitation as the Liapunov function. It seems 
possible that this way of attack might be extended to multi-machine 
problems, but to my knowledge it has not actually been done. 

Reference 

Yanko-Trinitzki, A. A, A new method for analysing the perform¬ 
ance of synchronous motors during short perturbations. Gosz- 
nergoizdat. 195$ 


H. Glavitsch, in reply 

The simplified method which is widely used in the analysis of multi¬ 
machine power systems and which is referred to by Mr. Laible is often 
applicable when the system has numerous machines, as full detailed 
analysis is not always required for all systems. 

It might be possible that the stability of a multi-machine system 
can be assessed by a similar analysis, as mentioned by Mr. Laible. But 
it is felt that in most cases the inspection methods as shown in the 
paper are most practical. In addition, the swing curves also reveal the 
degree of stability (damping). 
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optimizing Control of Water Turbine Governors Considering 
the Non-linearity of Servomotor Speed 

T. STEIN 


Summary 

A case of water-turbine hunting when the station was isolated from 
the grid, could only be explained and completely eliminated by 
calculations of transfer functions, introducing, contrary to the usual 
linearization, that zone of non-linearity, which is decisive for damping. 
Neglecting all transfer lags of the main servomotor, formerly, a short 
damping time was introduced as optimum criterion, which has been 
confirmed by analogue computers as being the only one valid for 
water turbines. Calculations prove that this optimum formula retains 
its complete validity in spite of the non-linearity. Means for improving 
the non-linear shift are explained. 

For closed-loop tests, Moscow Power Institute uses real governors 
of steam turbines simulating all other elements. For water turbines the 
hydraulic shock must be simulated too. Furthermore, with a simulated 
servomotor, the hydraulic and friction reactions of the controlled 
water tmbines may be considered. Thus already with workshop-tests 
optimizing control can safeguard the reliability in cases of disconnec¬ 
tion disturbances without power station tests. 

The avoidance—by calculation or simulation—of artificial dis¬ 
connections for tests which are becoming less and less practicable with 
progressing interconnection, represents a particularly advantageous 
application of control theory. 

Soinmaire 

Uinstabilit6 d’une turbine hydraulique, fonctionnant sur un r&eau 
Isold, pouvait seulement dtre expliqude et compldtement dliminde par 
le calcul du comportement frdquentiel en introduisant, contrairement 
h la lindarisation usuelle, la zone de la non-lindaritd, qui est ddcisive 
pour I’amortissement. En ndgligeant tous les retards du servomoteur 
principal, un temps d’amortissement bref fut autrefois introduit comme 
critdre de rdglage optimale qui a dtd confirmd par des calculateurs ana- 
logiques comme dtant le seul utilisable pour les turbines hydrauliques. 
On ddduit que, malgrd la non-lindaritd, cette formule d’optiraum reste 
pleinement valable. On explique les moyens qui amdliorent la carac- 
tdristique de la non-lindaritd. 

L’institut des centrales dlectriques de Moscou examine pour des 
assais en boucle fermde des rdgulateurs effectifs de turbines k vapeur 
en simulant les autres dldments du circuit de rdglage. Pour les turbines 
hydrauliques, il faut aussi simuler le coup de bdlier. En outre, un servo¬ 
moteur simuld permiet de prendre en considdration les rdactions des 
forces hydrauliques et du frot^ement de la turbine rdglde. Ainsi, des 
e^ais en usine permettent ddji d’assurer le rdglage optimal en cas 
d’interruptions, sans ess^ en service. Vu I’interconnexion progres¬ 
sive, les interruptions artificielles pour essais sent de moins en moins 
praticables. Leur abolition par calcul ou simulation reprdsente une 
application particulidrement avantageuse de la thdorie du rdglage. 



Die aufgetretene InstabilitSt einer Wasserturbine im Inselbetrieb lieB 
sich dmch Aufstellung der Ortskurven erst erklSren und voUkommen 
beseitigen, indem man, entgegen der bisher tiblichen Linearisierung, 
das fiSr die Ddmpfung mafigebende Gebiet der Nichtlinearitdt berUck- 
siehtigt. Unter Vemachlassigung aller Verzdgerungen im Haupt- 
servomotor wurde frtther eineldeine Abldingzeit als Ootimal-Kriterium 


eingefiilurt, was nach Analogrechner-Versuchen fttr Wasserturbinen 
das einzig brauchbare Kriterium ergibt. Es wird abgeleitet, daB die so 
aufgestellte Beziehung fUr das Optimum trotz Nichtlinearitdt voll- 
koi^en gultig bleibt. Es werden Mbglichkeiten erlautert, urn den 
Verlauf der Nichtlinearitat zu verbessem. 

Das Moskauer Kraflwrksinstitut prOft ausgefahrte Dampf- 
turbinenregler, in dem es die (ibrigen RegelkreisgliedeT simulieit. FiSr 
Wasserturbinen muB man auch den DruckstoB nachbilden. Kin 
^ulierter Servomotor kann femer die veranderUchen hydranlischen 
Gegenkrdfte und die Reibungskrafte der geregelten Wasserturbine 
berticksichtigen. So laBt sich ohne Betriebsversuch schon in der 
Werkstatt die Optimierung zur Sicherung fur StbrungsfSlle crproben. 

Die Berechnung Oder die Simulierung zur Vermeidung Hin«tHrT^»r 
Netz^nnungen, die mit zunehmendem Verbundbetrieb immw 
Khwieriger durdifUhrbar sind, stellt cine besonders vorteilhafte 
Anwendung der Regelungstheorie dar. 

f 


Special DifBculties wtth Water Turbines 

T^e optimizing control of water turbines is one of the most 
difficult practical problems of automatic control due to the 
following facts: 

(1) A change of gate position causes at &st a reaction of the 
turbine load in the wrong direction: when op ening the ^te the 
load does not increase but decreases for the &st moment, due 
to the hydraulic shock. This strong disturbance of the control 
behaviour explains the failure of all usual optimum oiteria such 
as the minimum area of the squsre of control deviations or the 
Nyquist plots with the prescriptions found for the best setting 
of servomechanisms. This has been tested by simulation wiffi 
analogue computers*. At the same time, the disturbing influence 
of the hydraulic shock increases due to the continual trend to 
reduce rotating masses (WR®) and adopt narrower conduits 
with higher water vdocities, in order to reduce investment 
costs*. 

(2) The amount of regulating work of the oil-hydraulic servo¬ 
motor, namely up to more than 100,000 kpm, is the largest used 
in automatic control. Therefore, the pumping work for the oil- 
actuated servomotors must be reduced as mudi as possible. This 
is brought about by providing laps on the distributing edges of 
the valves, which feduce the increase of servomotor speed for 
small valve strokes. A zone of non-linearity thus results between 
valve stroke and servomotor speed, which, till now, was not 
considered. 

(3) With the progressive interconnection of power stations 
stability is, in fact, facilitated^ but when stability is peeded for 
the isolated power station (also at fuU load, where the hydraulic 
shock has the maximum effect) in ord^ to maintain its reliability 
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if disconnected from the grid in case of disturbance, this prob¬ 
lem becomes, on the contrary, extremely difficult with the con¬ 
tinuous interconnected service; badly adjusted governors which 
are stable during interconnected service may hunt when the 
power station is disconnected; artificial disconnections for tests 
to find out the optimum setting prove to be more seldom practi¬ 
cable as the interconnection progresses. 

Therefore, means must be found to secure optimizing control 
without power station tests. It will be reported on results of a 
governor hunting first when the power station was isolated from 
the grid, for which, based on calculations, a perfect optimizing 
control has been obtained. Then it is shown how to find the 
optimal control, by simulation already in. the workshops, with¬ 
out the need for tests in the power station disconnected from 
the grid. 


Automatic Control System 

Figure 2 shows the block diagram of the closed loop of a 
water turbine control system. If the transfer lags in the automatic 
controller including preliitiinary servomotors are neglected, the 
transfer function of a proportional and integral control is rep¬ 
resented^ by the first block element. The proportional band 
is the sum of the transient proportional band and the per¬ 
manent proportional band Xj,^, Together with the following 
main servomotor the transfer function of the automatic con¬ 
troller is: 

F(p)= -- 

Non-linearity 


Optimization 

With the simplified assumption, that the transfer lag of the 
main servomotor may be neglected, the optimizing coordination 
of proportional band and the integral action time was 
formerly^ calculated. The optimizing criterion was then based 
on a minimum damping time® for the reduction of a disturbance 
to 1/10 of its initial value (Figure 1), Analogue computer tests® 
have confirmed that in the special case of water turbines the 
optimum conditions can be found with no other criterion. With 
a larger product of proportional band Xj, and integral action 
time Tn the reaction speed of the governor is reduced and the 
frequency deviations increase. In order to improve the frequency 
control a damping time Tj/jo was therefore recommended^, 
which is only ten times larger than the acceleration time of 
the water column, instead of six times larger corresponding to 
the possible minimum value. Furthermore, for a given damping 
time the broken line optimum curve was indicated, for which the 
product of proportional band Xj^ and integral action time is a 
minimum. This in order to have a further improvement of 
frequency control by a quicker reaction of the governor. 

Optimum condition: minimum of (1) 

So it was found, neglecting the transfer lag of the main servo¬ 
motor, according to Figure 1 for the optimum point (Opt): 

T 

Optimum setting: =1,8 - 4 (2) 



Figure L The point (Opt) indicates the optimizing control for water 
turbines in isolated service: minimum value of the product of proportional 
band Xp and integral action time with short damping time Ti/iq. This 
optimum criterion remains valid too, if the non4inearity of servomotor 
speed due to its control valve is considered 


Figures shows that for large strokes, y, of its controlling 
valve, the speed of the servomotor d/w/d/ must be restricted to 
the values 1 a and 1 b in .order to limit the pressure variations 


Oovernor with 
proportional and 
Integral action 
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Figure 2. Block diagram for the frequency control of a water turbine 


in the conduit caused by the hydraulic shock. It is well known 
that this non-linearity, which is realized by diaphragms, has no 
influence on the stability. In the case of linearization for cal¬ 
culations and simulation with analogue computers, a shift A-B 
of the servomotor speed was, until now, always presumed. This 
shift results with the assumption of a linear proportional increase 
of the servomotor speed up to its maximum value limited by the 
diaphragms. A certain shift presumed in such a manner is 
characterized by a time constant of the servomotor. This 
assumption, which practically corresponds to an average value 
2 of the shifts 3 and 4 is practicable for the normal case of water 
turbines working in parallel with a grid. 



Figure 5. Nonlinearity of the shift between the servomotor speed dw/d/ 
and the stroke of its control valve. With the usual presumption of a shift 
2 according to a linearization A—B, hunting in a case of disconnecting the 
power station from the grid remained inexplicable, because the lower 
shift 3 is decisive for control behaviour 
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However, in tl;e difficult case of a test with the power station 
disconnected from the grid the governor hunted considerably. 
This fact could not be explained by the transfer locus plots 
calculated with formula (3), nor was it possible to find indications 
for an optimum setting under the conditions of the control sta¬ 
tion isolated from the grid. On the contrary, with the usual as¬ 
sumption of the average value 2 of Figure 3 according to the 
broken line curve of the transfer locus plot 2 in Figure 4, the 
governor should have been stable. 

Elimination of Hunting 

The instability of the governor really existing in the isolated 
power station can be explained, if instead of the average value 2 
of the shift according to Figure 2, the shift 3 in the zone influenced 
by laps on the distributing edges of the valves is introduced. This 
zone is decisive for the automatic control behaviour. The result 
is the unstable transfer locus plot 2 in Figure 4, But that con- 
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Figure 4. Calculated transfer locus plots. Contrasting with the effective 
hunting the transfer locus plot calculated as usual with the shift 2 in 
Figures shows a stable behaviour; only the introduction of the shift 3 
explains the real instability. — P* = critical point for stability 


formity with the real behaviour does not yet give indication 
how to eliminate the instability. 

With formula (3) it can be investigated how to approach the 
conditions to the not exact assumption, that the servomotor 
following the governor works without transfer lag = 0). 
In the denominator there is, as factor of/;, the term which 

is always so small that it may be neglected in comparison with 
. Xp Therefore, the hunting must have origin in the factor of p^ 
which is not zero. For an optimizing control, in spite of non¬ 
linearity, the factor of p^ must be made as small as possible, so 
there is received as condition for optimizing control 

a minimum of T„ • (4) 

But according to formula (1) the condition that x^ must be a 
minimpm is already introduced in the optimizing setting of 
Figure 1. 

Therefore, by the non-linearity which was not considered, the 
optimum line, Figure 7, the optimum ppint (Opt) and the opti¬ 
mum formulae (2) do not lose their validity. On the contrary 
they safeguard the best coordination of proportional band and 
integral action time and according to formula (4), reduce here¬ 
with to a minimum the spoiling influence of non-linearity on the 


stability. This optimizing control is valid, in spite of non¬ 
linearity, if the slow shift according to line 3 in Figure 3 is con¬ 
sidered. So first the values ‘a’ have been introduced in Figure 7, 
for which the governor was hunting. It may be seen from the 
large deviation from the optimum point (Opt) that the pro¬ 
portional band x,, is too large and the integral action time 
too short. 

Whilst generally the increase of proportional band is con¬ 
sidered as an always effective remedy, in this test rather the con¬ 
trary has been observed. The non-linearity Figure 3 explains it 
according to formula (4). With the considerable time lag 
caused by shift 3, the disturbing effect of the factor of p^ pre¬ 
dominates when Xjt increases. But, on the other hand, a pro¬ 
portional band which is too small, point ‘b* in Figure 1 gives 
also a deviation from the optimum point. The reason is that th^e 
stabilizing factor of /; in the denominator of formula (3) de¬ 
creases. In correspondence herewith the calculated transfer locus 
plots (broken lines) of Figure 5 show that the control is unstable 
with too large as well as too small proportional bands. 

In order to eliminate the hunting which occurred in isolated 
service of the power station and basing on this calculation, the 
governor was set exactly to the optimum point (Opt) of Figure 1 
and non-linearity slightly reduced by modifying the edges of the 
control valve. Thus from the calculated transfer locus plot (Opt) 
in Figure 5 there results a stable control behaviour. This already 
without considering the inherent regulation of the plant, which 
in this case existed, but was weak. 

The immediate result of a new test with the power station 
isolated from the grid and the optimizing control of the governor 
based on these calculations, was perfect control behaviour, 
without any modification of the setting fixed beforehand. This 
in contradistinction to the preceding test. 

ImproYement of the Non-linear Shift 

The maximum value lb (Figures) of servomotor closing 
speed dm/d/, limited by diaphragms, is reached approximately, 
when the opening area 7TTIT on the circumference of the con¬ 
trol valve (Figure 6) equals the area of the diaphragms^. In¬ 
creasing by three times the stroke proportion of the preliminary 



Figure 5. Calculated transfer locus plots. Realizing the optimizing 
control point (Opt) of Figure 7 the stability disappeared in conformity 
with the calculated plot si they show instability for too large values 
(a) as well as for too small values (b) of the proportional band, if non¬ 
linearity is considered. — F* = critical point for stability 
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Preliminary servomotor 



Figure 6. A substantial improvement of nonlinear shift is obtained with 
increased proportion between the stroke of servomotor valve and that 
of the preliminary servomotor using smaller valve diameters, Y = valve 
stroke, lb = stroke for maximum servomotor speed, I c overlapping 

servomotor to that of the control valve, the maximum value 1 b 
{Figure 3) is reached with a valve diameter three times smaller. 
Laps on the distributing valve edges are introduced, causing the 
non-linear zone, which reduces the oil flow for small valve 
strokes. These are represented m Figure 6 at increased scale and 
in a simplified manner. 

If it is only requested that the control valve has practically 
no leakage in the steady-state position, this requirement can be 
realized three times easier with a valve diameter and circumfer¬ 
ence three times smaller. But if it is also specified that the oil 
flow will increase only slowly for small frequency deviations, a 
lap 1 c three times smaller is sufficient to maintain the same 
increase (as shift 3 of Figure 3) having the same flow on the oil 
distributing edges. But considering that the stroke for reaching 
the maximum servomotor speed 1 b in Figure 3 is three times 
larger with the smaller valve, the proportion between overlap 1 c 
and stroke 1 b corresponding to the maximum servomotor speed 
is reduced to l/9th according to Figure 6, Therefore, the non¬ 
linear zone with a reduced increase 3 in Figure 3 is much nar¬ 
rower in the y direction. 

Notwithstanding the fact that the calculated formula for 
optimum setting maintains its validity, it is not easy to calculate 
how much the control behaviour approaches to the conditions 
A-B without time lag in the servomotor (Figure 3) due to re¬ 
duced width of the non-linear zone 3 in the y direction. Since the 
improvement by introducing smaller valves with larger strokes 
is chiefly interesting for new governors, simulation of closed 
loops in the workshops is the appropriate test method for 
optimizing control. 

Simulation 

In the Moscow Power Institute for testing the closed loops 
of automatic control systems, steam turbines are simulated by 
electric motors, which are automatically controlled by the real 
governors used for the steam turbines. 

Workshop tests with real water turbine governors can in¬ 
clude the effect of a.11 shift zones of non-linearity of the servo¬ 
motor speed due to its control valve {Figure i). Practically, this 
cannot be realized by analogue computers, because the shift of 
the non-linearity, which changes substantially by any slight 
modification on the valve edges, cannot be exactly calculated 
with all non-linear transitions from one zone to the other. 
Furthermore, all imperfections of the real aiftomatic controller 
and the detecting element are included in the test. 


All other elements of the closed loops can be linearized for 
simulation, and without any test disturbing the service of the 
power station, the optimizing control for isolated service con¬ 
ditions can be tested by simulation. Also, modifications on the 
valve edges with the reducing effect on control oil quantity can 
be experienced in the workshops. 

An optimizing test in the workshops is specially desirable, 
because it results from calculations, that already slight devia¬ 
tions of the optimum point {Figure 1) and slight reductions of 
non-linearity have a considerable influence on the quality of 
the control. 

Contrary to control tests for steam turbines, however, the 
water shock must be simulated for water turbines according to 
the 3rd block element in Figure 2, Therefore, the following initial 
conditions must be considered: 

(«) Due to the hydraulic shock a step function of the gate is 
followed for the first moment by a load change of200 per cent 
in the wrong direction of the output M (torque) against the 
input m (gate position). 

{b) The water flow i*emains constant for the first moment due 
to the inertia of the water masses. 

It is advantageous to simulate also the rotating masses 
(4tli block element Figure 2) with the inherent regulation factor q 
as a feedback. So it is unnecessary to destroy the energy of the 
generator driven by the motor controlled by the water turbine 
governor. It is advisable to go ahead, also simulating the .servo¬ 
motor, by a model (2nd block element Figure 2) with the strong 
reactions of friction and hydraulic forces on the gate. The shift 
of these forces is known by measurements of similar water 
turbines*. These measurements are also the indispensable basis 
for calculating the regulation work. Even the insensitivencss 
of the main servomotor due to leakages of its piston*** can be 
simulated by an adjustable leakage. 

The simulation here has particularly important practical 
advantages. Already in the workshops the optimizing control 
for isolated service can be tested, namely without power station 
tests with their disturbing artificial disconnection from the grid. 
With the continually progressing interconnection it is becoming 
increasingly difficult to isolate a local network from the grid 
simply for tests. Nevertheless, the workshop simulation te.sts give 
the guarantee, that in a real case of disturbance with di.sconnec- 
tion, the safety in service is secured by the optimizing control 
of the water turbine. 

Nomenclature 

Values related to load-differences between full load and idle loud: 


X 

Frequency 


y 

Valve position of the main servomotor 

relative 

m 

Position of main servomotor 


(proportional to gate opening) 

deviations 

M 

Torque 



Transient proportional band 



Permanent proportional band 


Xp 

xpt -f* XpQ = proportional band 


Tn 

Integral action time 


Fin 

Transfer time lag of main servomotor 


q 

Inherent regulation factor 

1 for full 

Ta 

Acceleration time of rotating masses 

Tc 

Acceleration time of conduit water column J 

Fiiio 

Damping time for reduction of a disturbance to 1/10 of its 
initial value 
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DISCUSSION 


D. Rumpel and H.-V. Ellingsen, Siemens-Schuckertwerke A.G.^ Er- 
langen, Stettiner Strasse 34, Germany 

We have met this same problem on non-linearity of servomotor speed 
in an investigation of Kaplan turbine control systems. This investiga¬ 
tion was carried out together with Dr. Lein of the J. M. Voith GmbH, 
machine factory. 

In the stability map (Figure A) the time constants of the runner 
servo and the gate servo are used as coordinates. As shown, there are 
two stable regions: one for small runner time constant and one for 
large runner time constant. In between is a region of instability. 

As Mr. Stein has shown, the medium overall slope of the servo 
speed characteristic is steeper than the slope in the range of overlap; 
therefore the servo time constant is smaller for large deviations than 
for small deviations. For Kaplan turbines especially the overlap of 
the runner-blade servo is material, because this servomotor with its 
large force and small stroke usually has the greater overlap and the 
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Figure A. Kc^lan turbine control—influence of time constants of main 
servomotors on stability 
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Figure B. Kaplan turbine—influence of non-linearity of runner servo¬ 
motor on stability 


greater efficiency in regulating action. That is why, with decreasing 
amplitudes of deviation, the point of operation in the map moves to 
the right. If the original point lies left of the instable region, it may be 
that the point passes the stability limit and the oscillation will build up. 
This performance corresponds to the case discussed by Mr. Stein. On 
the other hand, if at small amplitudes the point of operation lies im¬ 
mediately right of the instable region it will move left at large disturb¬ 
ances and the turbine will become instable. 

Such a case is shown in Figure B, derived from analogue computa¬ 
tion. For small disturbances (load step of 5 per cent) the oscillation 
is damped to zero; for a load step of 7 per cent the oscillation increases 
up to an amplitude where the diaphragms become active and again 
reduce the medium slope. Oscillations originating from large disturb¬ 
ances (in the picture a load step of 22 per cent) are damped down to 
the very same amplitude, at which the turbine continues to hunt. 

There is a marked influence of the diaphragms on stability, especial¬ 
ly in the c^e with the operating point to the left of the instability region. 
Here one can find the opposite performance: instability in the low 
amplitude range, stability in the medium amplitude range and, again, 
instability in the high amplitude range. 

T. Stein, in reply 

In the discussion remarks the influence of runner and gate servo is 
investigated. These time constants, which determine the increase of 
servo speed with the position of the valve, can have a great importance 
when the controller is not optimally adjusted. 

Then there can be zones of instability (Figure A). For a non- 
optimally adjusted controller a stabilization can be obtained coordinat¬ 
ing the time constants of nmner and gate. 

From our experience resulting from two practical power station 
tests with disconnection from the grid, we have tried such adaptations 
of these time constants; but it seems better to obtain the stability by 
the optimum setting of the controller. It is then advisable to reduce 
the time constants of runner and gate to a minimum. 

B. Favez, Electricite de France, 12 place des £tats-Unis, Paris 1^, 

France , 

(1) Can the author give additional information about the failure of 
optimum criteria of minimum of the square of control deviation in 
the case of water turbine control? 

(2) The paper deals with a case of conditional stability, where the 
gain of a direct loop has a large importance; the characteristics of a 
main servomotor, which we usually call ‘promptitude’, are fundamental 
for the stability and we know it is difficult to build such a large element 
with an absolutely known and linear parameter. In that case is it not 
better to use a normal valve and servomotor with a tachometer feed¬ 
back, which give a good linearity independently of the quality of the 
servomotor, rather than to try to increase the quality of the main part 
of equipment? Such a feedback is easy to introduce with an electro- 
hydraulic controller and we ask the author if he thinks that this ex¬ 
perience is another reason for the use of this kind of controller. 
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T. Stein, in reply 

(1) As shown in the illustration in the paper by H. Schiott (Reference 6 
of this paper) and in a more recent work^, the optimum criteria of 
minimum of the square of control deviations is not very satisfactory 
regarding the actual number of oscillations occurring. It seems that 
hydraulic shocks give sharp changes of the deviation signals, so that 
for a minimum of the deviation area the number of oscillations is not 
so small as it could be. 

(2) The origin of the paper was the preoccupation to know what 
to do with the great number of existing water turbines to safeguard 
stability without making power station tests. For turbines with new 
electrohydraulic governors it may be useful to linearize the servomotor 
speed by an electric feedback, if there are no disturbances of stability 
due to time lags in this internal feedback loop. 

Reference 

^ Evangelisti, G. On the problem of frequency control in hydro¬ 
electric stations. Automatic and Remote Control, Vol. 4, p. 105. 
1961. London; Butterworths 

D. Ernst, 852 Erlangen, G,-Scharowskystrasse 2-4, Germany 

The author has given a comprehensive description of the well-known 
difficulties encountered in the control of water turbines with special 
emphasis on the non-linearity of servomotor speed. I would like to 
put forward for discussion a method which was developed during 
research work on electrohydraulic regulation of water turbines and 
which might be helpful in overcoming the described difficulties. 
Figure A shows the control loop adapted for this method. 

To overcome the difficulties of non-linearity a sub-loop control for 
gate opening has been introduced, which comprises an electric position¬ 


ing controller, the electrohydraulic transducer, and the gate mecha¬ 
nism. Opening of the gate is measured and used as feedback. With the 
use of this loop, the static and dynamic compensation of servomotor 
characteristics can be achieved. 

The speed controller with proportional and integral action provides 
the set point for the gate-opening control loop. Limitations can be 
entered at will. 

Since the rate of change of gate opening is limited according to the 
characteristics of the turbine installation, it is very important now to 
adapt the speed controller to this limitation. Its input changes (either 
from P or / action) should never exceed the maximum rate of gate 
travel, otherwise the integrator output would overshoot, which may 
lead to hunting in the control loop. It seems that this property of a 
non-adapted integral controller has sometimes been the undetected 
cause of difficulties. 

A circuit of an electric speed controller with such properties is also 
shown in Figure A, 

T. Stein, in reply 

From two practical tests on power plants with disconnection of the 
local network from the grid, good behaviour of the control loop was 
obtained using mechanical governors, notwithstanding the non-linear 
zones. It is only necessary to adapt the control parameters according 
to the formula for optimizing control. Therefore there is no need to 
eliminate the non-linearity. 

To apply the electrical feedback proposed for the elimination of 
non-linearity, practical tests in a power station would be necessary. 
In fact, with electrohydraulic governors the connection of two points 
of the loop with intermediate oil-hydraulic loop elements has led to 
hunting. This was due to the time lags in the intermediate oil-hydraulic 
loop elements. 



Figure A. Electrohydraulic cont^l system for water turbines 


109 




Control Equations of a Hydroelectric Plant 
with Fixed Reference Values 

L.BOREL 


Summary 

In the work entitled ‘Stability de r^glage des installations hydro- 
dlectriques’ (Payot, Lausanne and Dunod, Paris 1960), the author 
presented a method of calculating the control stability of hydroelectric 
installations in which the relative values are defined as being the 
relation between the absolute instantaneous value and the absolute 
value of the permanent regime of the values considered. In this method 
of calculation, the reference values are different for each proposed 
permanent regime. This is the ‘method with floating reference vdues*. 

Unfortunately, this latter is impracticable when the absolute value 
of the permanent regime of one of the values is zero, since the corre¬ 
sponding relative value is infinity. The present work demonstrates a 
very general method of calculation which does not present the above 
fault, In this method of calculation, the reference values are invariable 
whatever the proposed permanent regime. This is tlie ‘method with 
fixed reference values’. 

First, the author indicates the manner in which the reference values 
are chosen, then defines the formation of the relative values. A defini¬ 
tion of the control parameters and the relationships between the 
hydraulic parameters are given. Finally, the fundamental equations 
translating the dynamic behaviour into the control of the installation 
and the complete functional diagram and the principal transfer 
functions of the installation are presented. 

Sommaire 

Dans I’ouvrage intitul6 « Stabilitd de reglage des installations hydro- 
dlectriques » (Payot Lausanne - Dunod Paris - 1960) I’auteur a 
pr6sent6 une mdthode de calcul de la stability de r6glage des installa¬ 
tions hydro61ectriques dans laquelle les valeurs relatives sont d6finies 
comme 6tant le rapport de la valeur absolue instantande k la valeur 
absolue de regime permanent des grandeurs consid6r6es. Dans cette 
m6thode de calcul, les valeurs de r6f6rence sont diff6rentes chaque 
fois que le regime permanent envisag6 est different. C’est la « mdthode 
avec valeurs de reference fiottantes ». 

Cette demi^re est malheureusement en d6faut quand la valeur 
absolue de regime permanent de I’unfe des grandeurs est nulle, car 
alors la valeur relative correspondante est infinie. Le prdsent travail 
expose une m6thode de calcul tr^ g6n6rale qui ne pr6sente pas le 
ddfaut ci-dessus. Dans cette m6thode de calcul, les valeurs de r6f6rence 
sont fixes quel que soitle regime permanent envisagd. C’est la «m6thode 
avec valeurs de r6f6rence fixes ». 

Tout d’abord, I’auteur indique la mani^re de choisir les valeurs 
de r6f6rence. Ensuite, il precise la formation des valeurs relatives. 
Puis, il indique la definition des paramfetres de rdglage. II donne les 
relations entre les parametres hydrauliques. Il pr^sente les equations 
fondamentales traduisant le comportement dynamique en reglage de 
rinstallation. Enfin, il montre le schema fonctionnel complet et les 
fonctions de transfert principales de I’installation. 

Zusammenfassung 

In dem Buch: „Stabilite de reglage des installations hydroeiectriques** 
hat der Verfasser eine Berechnungsmethode fur die StabiliUlt der 
Regelung von Wasserkraftwerken angegeben; die in der Berechnungs¬ 
methode definiert^n Relativwerte. stellen das Verh^tnis zwischen dem 
absoluten Augenblickswert und dem absoluten Wert des Behammgs- 


zustandes dar. Daher andern sich bei dieser Berechnungsart die 
Bezugswerte nait jeder Anderung des vorgesehenen Beharrungs- 
zustandes. Dies ist die „Methode mit schwankenden Bezugswerten**. 

Leider versagt diese Methode, wenn der absolute Wert des Behar- 
rungszustandes einer Grdfle Null ist, da dann der betreffende Relativ- 
wert Unendlich wird. Die vorliegende Arbeit zeigt eine allgemein 
gultige Berechnungsart, welche diesen Mangel nicht aufweist. Bei 
dieser Berechnungsmethode andem sich die Bezugswerte nicht, gleich- 
giiltig welcher Beharrungszustand vorgesehen ist. Dies ist die 
„Methode mit festen Bezugswerten“. 

Die Arbeit erlautert zuerst die Art der Wahl der Bezugswerte und 
anschlieBend die Bildung der Relativwerte. Es folgen eine Definition 
der RegelgrbBen und die Angabe der Beziehungen zwischen den 
hydraulischen Parametern. Sie fUhrt auBerdem die Grund^eichungen 
an, die das dynamische Verhalten der Anlage bei der Regelung 
erklSren. Zum SchluB werden das Gesamtblockschaltbild und die 
Hauptubertragungsfunktionen der Anlage angegeben. 


Introduction 

In the author’s previous work^ on control stability, a method 
of calculation was presented in which the relative values were 
defined generally as the ratio between the absolute instanta¬ 
neous value and the absolute steady-state value of the magni¬ 
tudes considered. 

With this method of calculation the reference values vary, 
that is to say, they are different for each steady state considered. 
In the general control terminology, it is convenient to call this 
method the ‘Method with floating reference values’. Unfortunat¬ 
ely this is not practicable when the absolute steady-state value 
of one of the quantities is zero, because then the corresponding 
relative value is infinity. 

Example —^When the installation is running without load: 
i^o “0 A& ^ oo ^5 ” tg ~ = 00 

f/o = 0 Afl* = CO 

The present paper gives a very general method of calculation 
which does not exhibit the above defect. In this method the 
reference values are invariable, whatever may be the steady 
state considered. In the general control terminology it is con¬ 
venient to call this the ‘Method with fixed reference values’. 

For notational purposes, the following rules are used 
throughout the paper: (a) The fixed reference values are labelled 
by the index o ; (b) the steady state values by the index x, and (c) 
the relative values by an asterisk. 

Reference Values 

The reference values relating to a certain plant are fixed 
once and for all. They are chosen so as to correspond if possible 
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to some particular values of the plant. If no special difficulties 
exist, the following method will be adopted. 

From the mechanical point of view, for the reference lengths 
of stroke, values corresponding to the maximum stroke of the 
elements will be taken. 

From the hydraulic and electrical points of view, for the 
reference mass energies, rates of flow, powers, velocities and 
voltages, the nominal values of net mass energy, of kinetic and 
pressure drop mass energies, of the rate of flow, of driving 
power, of velocity and of voltage, will be taken. 

It should be pointed out that, instead of choosing the nominal 
values as reference values, it may be of interest to choose the 
optimal valuesy i.e. those which correspond to the peak of the 
efficiency curve. It should be imderstood that the above recom¬ 
mendations are not compulsory and that, in principle, the 
reference values could be arbitrary. However, it would not be 
convenient to choose reference values which would be 

completely independent of each other. 

The system leading to the simplest calculations is obtained 
by adhering to the following relationships: 

(1) 

where Kg is the coefficient of pressure drop of the feed chamber. 

e/,0=i^/,1^0 (2) 

where JS!), is the coefficient of pressure drop of the pipeline. 

e^=Kj'l ( 3 ) 

where K„ is the coeflBdent of the mass kinetic energy at the 

entrance to the chamber. 

Yo=KNo ( 4 ) 

where if, is the coefScient of displacement of the slide-valve. 


N,o=-K,No 


(5) 


where is the angular speed coefficient of any power-consuming 

machine on the network. 


»/o = 


_V 


( 6 ) 


It should be noted that is a purely fictitious efficiency in the 
general case when £(,, and are arbitrary, and it represents 
the real efficiency only in the particular case, when P '0 and 
correspond simultaneously to a well-determined reference 
steady state, for instance, to the nominal or to the optimal value. 

Following is the list of chosen reference values: 


Ao 

^0 

No 

N,o=^K,No 

Uo 

^0 

Yo=K,No 


Maximum opening of the turbine gating 
Driving power of the turbine 
Angular speed of the group 

Angular speed of any power-consuming machine 
on the network (corresponding to JVo) 

Voltage at the terminals of the alternator 

Volumetric rate of flow of the water in the turbine 

Length of stroke of the servomotor piston 

Length of stroke of the slide-valve (correspond¬ 
ing to iVy 


e,o=K,n 


e„o = Kjyi 


ko 

„ =-A_ 

fiP'oko 


Pressure drop mass energy in the feed chamber 
(corresponding to 

Pressure drop mass energy in the pipeline 
(corresponding to I^q) 

Kinetic mass energy at the entrance to the 
chamber (corresponding to 
Net mass energy 

Efficiency of the turbine (corresponding to jBo, 
Pq and Atq) 


Relative Values 

The reference values just defined lead to the following 
relative values: 




Opening of the turbine gating 



Driving power produced, by the turbine 
Resistive power demanded by the network 
Load of the network 


* N 

N 

No 

No 

* U 




Uo 


u*=^ 

Uo 

''-K 




Angular speed of the group 

Stroke of the velocity range change device 
expressed in terms of velocity 

Voltage at the terminals of the altemator 

Stroke of the voltage range change device 
expressed in terms of voltage 

Volumetric rate of flow of water in the turbine 
Volumetric rate of flow of water in the chamber 
Volumetric rate of flow of water in the gallery 
Volumetric rate of flow of water in the pipeline 



Length of stroke of the servomotor piston 
Level difference in the chamber 

Length of stroke of the distribution slide-valve 

Mass energy at the entrance of the chamber 
(in the steady state: e*a^ e*g^) 

Gross mass energy, i.e. at the water intake 
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* «A0 


e*--^ 


Cut “* 


W 

^wO 



Pressure drop mass energy in the gallery 


Pressure drop mass energy in the pipeline 


Mass energy due to the hydraulic recoil 

Kinetic mass energy at the entrance of the 
chamber 

Net mass energy, i.e. upstream of the turbine 
(in the steady state: = Cao “ ^ao) 


Control Parameters 

Given the relative values defined in the preceding section, 
it is convenient to write all the control equations under the 
relative form. It is then necessary to determine the control para¬ 
meters by combining the reference values in the most logical 
way. Among all the combinations that can be considered, it is 
obviously convenient to choose the simplest and the most 
adequate. 

A thorough study of this problem has allowed us to establish 
a series of combinations which lead to equations, in the method 
with fixed reference values, the form of which is strictly identical 
to that of the equations of the method with floating reference 
values. 

Here is a list of control parameters which have been defined. 

Characteristic time of mecha¬ 
nical inertia of the rotor of 
the alternator 

Characteristic time of hydrau¬ 
lic inertia of the gallery 

Characteristic time of the fill¬ 
ing of the chamber 

Characteristic time of the 
mechanical inertia of the ro¬ 
tors of the full set of power¬ 
using machines 

Characteristic time of the 
hydraulic inertia of the pipe¬ 
line 

Characteristic time of the 
total mechanical inertia of an 
installation, operating separa¬ 
tely 

Characteristic time of the 
performance of a tachometer 
servomotor in an acceleration 
tachometer governor 


■^11-5- 


^0 J 0 
8^0 


C 

C3 = 


p _'ZlJeNeoN„-\ 
- To - 






■ Mi = Tii-\-An+En 


R _^ 

No 


dN 


4^) 

\dt 


R3 =0 
R'3^0 
1-4 =0 




JtNpN, 

^0 



Characteristic time of the mechanical 
inertia of the turbine rotor 

Angular coefficient of the voltage-frequency 
characteristic of the voltage controller (the 
subscript pt indicates a steady state) 


_ ^gx 

ko^o 


^4 = 


^wO ^gx 

kp Vp 


Pressure drop in the gallery in steady 
state and of non-dimensional nature 

Kinetic energy at the entrance of the 
chamber in steady state and of non-dimen¬ 
sional nature 



Frequency sensitivity of the resistive power 


Voltage sensitivity of the resistive power 




^/iQ Kx 
kp Pp 


Pressure drop in the pipeline in steady state 
and of non-dimensional nature 



Non-linearity of the transmission servo¬ 
motor-turbine gating 

Steady-state angular coefficient of the 
servomotor stroke-speed characteristic 

Transient angular coefficient of the servo¬ 
motor stroke-speed characteristic 



Sensitivity of the rate of 
flow of the turbine to the 
net mass energy 



X 


Sensitivity of the rate of flow of the turbine 
to the turbine opening 


1^0 { dri\ _^oNofdri\ Sensitivity of the efiBcieno' 
lh\WL ~n^\WL turbine to the net 

10 \ /w, 10 x\ Y/A:. mass energy 

X 

no no no 

kx X X 

0 . 

Sensitivity of the efficiency of the turbine 
to the turbine opening 


R[=Rt+irA+rdR'3 

R 3 

R', 


Characteristic time of the 
performance of a tachometer 
servomotor in a governor 
with transient feedback 

Accelerometric proportioning 

Relaxation time (damping) of 
the dash-pot 



Sensitivity of the driving power to the net 
mass energy 


Sensitivity of the driving power to the 
turbine opening 
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Relations Between the Hydraulic Parameters 

The relations between the hydraulic parameters of the turbine 
in the method with fixed reference values are not as simple as 
those which exist in the method with floating reference values. 
But it must not be forgotten that they are much more general. 

These relations should be used to calculate all the hydraulic 
parameters of a turbine from the fundamental parameters 
related to a given mode of representation of its operating 
characteristics. 

Mode of Representation \l/-(p-r]-A: 

From the fundamental parameters t^, t^ and t^ it is possible 
to calculate the other parameters with the help of the following 


relations. 


VoVo ^^0 koVo 

(7) 

^ KVx * , 

(8) 

VoN, koN, 

(9) 

f _ixNo ^klti^No ^kl'f'^No 
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(11) 

Mode of Representation 


From the fundamental parameters ^ 2 , ^7 and it is 

possible to calculate the other parameters with the help of the 


following relations: 
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Fundamental Equations 

The fundamental equations shown on page 60 of the author’s 
previous work^ are relative to the method with floating reference 
values. In order to pass to the fundamental relative equations 
of the method with fixed reference values, it is convenient to 
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replace each magnitude by the expression which is equivalent 
to it. 

By virtue of the definitions of the work and of those which 
are presented previously in this paper, the equivalent expressions 
are given in Table L 

The substitution of the equivalent expressions shows that 
the fundamental equations obtained in the method with fixed 
reference ^values have a form strictly identical to that of the 
equations in the method with floating reference values. Obviously 
this is not just chance, but the result of a judicious choice of the 
new control parameters. 

To summarize, the dynamic control behaviour of a hydro¬ 
electric plant provided with an equilibrium chamber, equipped 
with an accelero-tachometer controller and transient feedback, 
can be expressed when generating separately through six funda¬ 
mental equations which, in operational form, are the following. 


Equation of feed chamber: 

Al,*=Alfc*-(2c2H-C,p)A7* I 

Equation of equilibrium chamber: 

C3M4*=(l+2c4C3p)AF;«An* // 

Equation of the pipeline: 

A^*=AI;-(2/»2+H,/)AFa* . Ill 

Equation of the rate of flow of the turbine: 

Al^*=tyAN*+tiAk*+t2AA*=‘AV^ IV 

Equation of revolving masses: 


MipAN* = -(xAN*+tsAk*+t6AA*-e2AUl~AE;^ V 

Equation of the accelero-tachometer speed controller with 
transient feedback: 


Block Diagram and Transfer Functions of the Plant 


Figure 1 shows the complete block diagram of the hydro¬ 
electric plant under consideration. The principal transfer 
functions of the elements of the installation are the following. 
Speed controller: 


r^a+R^Ml+R’^P) aA* 

' AN^ 


( 20 ) 

Equilibrium chamber: 



g _ 2 c24-CiP 

Ai: 

( 21 ) 

1 + 2 (c 2 H- C 4 ) C 3 P-I- 

Pipeline: 


G*- (2h2+H,p)=^^ 


( 22 ) 

Equilibrium chamber pipeline system: 



r r^r 

Gch=G,+G,=jp 


(23) 

Complete electrical system: 





(24) 


Equilibrium chamber -f- pipeline + turbine -|- alternator + 
network system: 


^6 ^S^ch _AJV* 

«-yGcH+(i-hGci,)MiP AA* 


(25) 


The overall transfer function of the installation is: 

^=GrG, (26) 


(r^+R'iP+RiR'3f)AA* 


that is to say, by virtue of the above relations: 


^-r2l(l+R3p)(l+R'3§i)AN*-(l+R!3p)ANZ] VI 


Let it be recalled that equation III, relative to the pipeline, 
was obtained by considering the mass hydraulic recoil. In the 
case where it is wished to consider the hydraulic recoil of the 
wave, it is necessary to follow the procedure which is shown 
below. It has been seen especially that in order to study the 
harmonic regimes, and in die case where the downstream part 
of the system is negligible it is sufficient to substitute by the 
repression: 


with 


and 




(17) 

(18) 
(19) 


wherein is the length of the conduit and 0 the speed of diffusion 
of the waves. 


(^4+ ^iP +[oc— yGch +(1 - f 1 Gch) 

Conclusion 

In the present work the author has considered the dynamic 
control behaviour of a hydroelectric plant provided with an 
equilibrium chamber, equipped with an accelero-tachometer 
governor having a transient feedback and generating separately. 

A very general method of calculation is given in which all 
the reference values are fixed. This last is called the ‘Method 
with fixed reference values’. 

First of all, the way of choosing the reference values is 
indicated and a list of these is given. Next, the way of forming 
relative values, and a definition of the control parameters are 
indicated. The relations between the hydraulic parameters are 
shown. 

The six fundamental equations corresponding to the dynamic 
control behaviour of the plant have been presented in operational 
form. Thanks to a judicious choice of the new control para¬ 
meters, these equations have a form strictly identical to that of 
the equations in the inethod with floating reference values. 
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Figure L Block diagram of a hydroelectric plant provided with an equilibrium chamber^ 
with accelero-tachometer controller^ having a transUra feedback and operating separately 
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Finally, the complete block diagram of the plant has been 
shown, and the transfer functions of the main elements are given 
as well as the total transfer function of the plant. 

The method of calculation conserves its validity even when 
the absolute steady-state value of one of the magnitudes is zero. 
On the other hand, the method involves practically no com¬ 
plications from the mathematical point of view. 

It may therefore be said that the method with hxed reference 
values, in addition to being as simple as the method with 
floating reference values, possesses the great advantage of being 
more general. 
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DISCUSSION 


Author’s Opening Remarks 

The control equations which were the object of my communication in 
order to solve the problem of dynamic behaviour of the Kaplan turbine, 
have now been completed. 

In order to explain the hydraulic behaviour of the turbine two 
supplementary parameters have been introduced which increases their 
iiumber to six. In order to formulate the behaviour of the controller 
six supplementary parameters are now added which makes it possible 
to control the turbine gate and runner in an absolutely symmetrical 
way. 

With these established equations, calculations were made on digital 
computers and, more recently, on analogue computers. The results 
showed that the hypothesis which had been made concerning the 
Kaplan turbine lead to conclusions which it is necessary to 
modify. 


B. Favez, Electricite de France, 12 Place des £tats-Ums, Paris W, 
France 

The purpose of the control system suggested is, as I understand it, to 
reduce to the minimum the deviations between the blades and the 
distributor during the transitory state. In this case I believe that an 
efiicient behaviour of this control system should lead to an ideal turbine 
where the deviation is always perfect. Under conditions such as this, 
the differences between the stability diagrams b^ and e^ presented by 
Professor Borel are surprising to me. 

L. Borel, in reply 

The system I have suggested is not equivalent to the realization of an 
ideal Kaplan turbine. Actually it is possible to determine the five new 
parameters introduced so as to obtain the best dynamic behaviour of 
the device. It seems to me, accurately, that this adjustment does not 
correspond with the case of the so-called ideal Kaplan turbine. 
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THE STEEL INDUSTRY 


Application of Automation and Automatic Techniques to Metal 

Rolling and Processing 

A survey by W. E. MILLER 


Automation has captivated the interest of all groups of steel 
plant personnel: management, engineers and labour. All includ¬ 
ing the general public expect rapid acceptance, and look upon 
automation as die key to further improvements in steel plant 
operating efficiency and product quality. The steel industry oc¬ 
cupies this position of unique attention because of its complex 
processes, large investment and hi^ throughput. 

In the steel industry automation is evolutionary; there always 
have been improvements and there always will be continuing 
improvements. The author does not know of any steel plant 
whose management considers their plant fully automated, or of 
any successful process automation where the management con¬ 
siders the job 100 per cent complete for ever. 

The management that is awaiting ‘cook book’, ‘patent medi¬ 
cine’ or ultimate solutions to such complex processes, expensive 
providing practice and operational situations as exist in the steel 
industry will always be waiting. Direct copies of existing systems 
will probably be inadequate, disruptive to production and even¬ 
tually more expensive because they are late and do not meet the 
then current competitive requirements. An OR & S (Operations 
Research & Synthesis) approach is a must for earlier operation, 
long term success and lowest overall cost. 

The terms automation, process computer, computer control 
and automatic control are not precisely defined as engineers and 
scientists should like them defined for clear understanding and 
wide acceptance. We as engineers and managers must face these 
facts and live with them. Technical papers and proposal specifi¬ 
cations must be read, understood and compared. Each author 
is sincere in his reporting of his achievements and contributions. 
His definitions fit his circumstances, his problems and his solu¬ 
tion. A proposal specification may be entirely .for the puipose 
of lowest price. The reader and purchaser must be sure that the 
solution truly is the correct solution for his needs. 

The technology is here. Installations, both successful and un¬ 
successful, exist on almost all steel plant processes. Unfortu¬ 
nately, there have been failures. However, initiative, effort, abil¬ 
ity, experience, true engineering understanding and unemotional 
evaluation will almost always guarantee success in installation, 
operation and pay-off. With this background will be presented 


several examples of approaches considered and in use on rolling 
mills and processing lines. Professor Lerner will describe appli¬ 
cations to material preparation, iron and steel making. 

Applying Digital Computers 

Digital computers are widely accepted and used by the steel 
industry for business and scientific purposes. Production is not 
directly delayed or disturbed by malfunction or lack of operation 
of such a computer. Production delays do not occur because the 
computers are off-line, that is, not connected to the process. 

Of course, if pay cheques were delayed for weeks, or errors 
continually made, plant operations could come to a disturbing 
halt. Such things do not happen because such computers are 
generally used only 8 or 16 hours a day and plenty of time is 
available for maintenance. 

Conditions on a hot strip mill are quite different. The mill 
operates 24 hours a day, usually a full week, possibly even longer 
without a scheduled shutdown. Every piece of equipment that is 
on-line must be designed and capable of such operation. Un¬ 
scheduled delays are costly and will not be tolerated. 

Digital process control computers are in on-line use on steel 
plant processes. The degree of success has varied widely for 
several basic reasons. 

First in importance is technical approach. It is one thing to 
talk about a process, but it is quite another thing to write a 
comprehensive and exact explanation in logic diagram and 
^thematical form. While a technical approach may be modified, 
it is extremely expensive and time consuming to change to an 
entirely different concept of operation or control once equipment 
is installed and the process is in full production. A computer may 
even turn out to be completely inadequate in memory size or 
calculating speed. Interface equipment may be all wrong. 

Some approaches attempted in the steel industry have been 
based entirely upon imitation of operators. While system opera¬ 
tion was obtained, performance was significantly poorer than 
that of average operators. The author does not know of any case 
where a final decision has been made to stay with this initial 
technical approach. 
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Most Steel plant management recognize that operators rarely 
understand the process phenomena. They control through reac¬ 
tions based upon training and experience. For most steel proc¬ 
esses it will be less expensive and more productive to continue 
to use the operators than just attempt to imitate them. More 
installations have failed to become fully operational because of 
an incorrect or an inadequate initial technical approach than for 
any other cause. 

Second in importance is reliability. The system should be 
capable of operating without delays or planned shutdown for 
weeks. Any failure must be fail-safe in so far as the steel in proc¬ 
ess, the mill and the basic drive equipment are concerned. There 
are such systems installed and operating—they are expensive, 
but one accident or one significant delay could more than offset 
the initial difference in cost. 

System compatibility can be a difficult obstacle blocking the 
road to successful operation. Control computers must be con¬ 
nected to steel processes by sensors and actuators. They must 
operate that process through a multitude of feedback and open- 
loop control systems. There are large noise-producing obstacles 
of cranes, rectifiers, arcing breakers, contactors and relays. There 
are environmental conditions of dirt, water, steam, oil, acid, 
metallic scale, heat and vibration to contend with. Input-output 
devices may be scattered over half a mile. 

To the uninitiated the formidable problems that develop can 
be a harrowing, expensive experience. All problems can be solved. 
Certainly, it is less expensive and less frustrating to face fully the 
problem at the time of initial budgeting and scheduling. 


Integrated Automation-Total Systems Concept 

Increasing attention is being given to plant scheduling and 
providing practice. Use of large-scale digits computers can pro¬ 
vide significant savings over prevalent clerical methods. 

Two approaches are being followed. One is strictly and per¬ 
manently off-line and uses conventional business computers. The 
other is intended to become on-line as part of an integrated 
automation system. For system compatibility and reliability, 
present or future, a process type computer offers significant 
advantages. Such a computer mi^t be provided with an input- 
output section for both business and process purposes. 

Ultimately, steel plants will have integrated automation 
systems {Figure i). Business, scheduling and process control 
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Figure L Ultimately, steel plants will have integrated automation sys^ 
terns. Business, production and process control computers will be linked 


computers will be linked. Plant operations will be better sched¬ 
uled and better coordinated. Yield should be higher and products 
significantly closer to specifications. There will be a total systems 
concept for the business. 

Actually, the first step can be taken today. A long-range plan 
can be developed for step-by-step implementation. Each step 
should be as self-sufficient as possible, fit into the overall plan 



Figure 2, Communications with scheduling, accounting and process can 
be controlled from a control area 


Slabs 


± 


Furnace 


T 


n 


Roughers 



Drives 


control 



Finish 

train 


Slabs 


Settings 

L_ 


Drives 
control , 

t Sensors 
Settings I 


Operator 


rn 



Operating 

control 

Order and data 
control 

Computer | 


'Area* 

system 


Order 


T 

Data 


Figure 3, Each sector will be automated in a consistent pattern so that 
feedback relationships can be established 


and meet the business needs of the particular plant and company 
{Figures 1 and 2). The first such system is now being plac^ in 
operation at Richard Thomas & Baldwins’ Spencer Works, Great 
Britain, and is described in the paper by S. £. Hersom. 

Predictive, Adaptive or Optimi^g Techniques 

Practically all steel plant process systems being installed to¬ 
day utilize combinations of predictive and adaptive control. A 
few systems might be said to optimize automatically a limited 
number of variables. This paper is intended to treat concepts of 
plant and process operation and automation. The discussion of 
concepts that follows is intended to apply to the total echelon 
of process operations and not, for example, to one particular 
process drive system such as roll screwdowns. 
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APPLICATION OF AUTOMATION AND AUTOMATIC TECHNIQUES TO METAL ROLLING AND PROCESSING 


Large-scale digital process control computers are admirably 
suited to combine predictive, adaptive and optimizing techniques 
for steel plant process control. However, some processes such 
as reversing hot mills producing special shapes are not suited to 
achieve full advantage of this capability. Simpler, less expensive 
control techniques may be all that is necessary for process control. 
Even so, a computer may be ‘a better buy’ because of its ability 


Second, rolling schedules must be calculated and cards must 
be punched, catalogued, stored, selected and transported to the 
process control card reader for use. Cards can become lost, inter¬ 
mixed, tom, late, or there just may be far too many of them. 

An obvious alternate is to use a computer to calculate the 
rolling schedules ‘on-line’, storing the computation results in 
memory and thereby eliminating the intermediate punched cards. 



Figure 4. On newer reversing hot mills operator monitors fully automatic operation 
with aid of closed circuit television and instruments 


to provide also such non-control functions as information stor¬ 
age, production reporting, quality control reporting, crew incen¬ 
tive pay calculations, process cost data, productive maintenance 
advice, engineering data and analyses, and special ‘on-demand 
reports’. Each process should be considered on the basis of a 
long-term strategy or plan before making a process automation 
decision. 

Reversing Hot Mills 

Automation systems at present in operation on reversing hot 
mills are predictive systems with programme input via computer 
calculation, punched card, punched tape, decade pushbutton or 
slide wire. Newer systems {Figure 4) provide for fully automatic 
operation of all functions associated with every pass of the ingot, 
slab, bloom or plate through the mill {Figure 5). Several are 
designed to provide automatic manipulation, or turning of ingots 
rolled either singly or in tandem. One punched card installation, 
which has been in operation for over two years, has rolled every 
single ingot since the second automatically, including manipula¬ 
tion. 

While there are many punched card programmed mills in 
very successful operation, several limitations are recognized. 
First, pass reductions are based upon expected normal and um- 
form rolling temperatures and an average metallurgy. If signifi¬ 
cant variations occur, the operator must take over. 


The computation may use one of a series of stored power curves 
representing the ppwer requirements for rolling various alloys 
and stored rolling practice. This system remains strictly ‘open 
loop’ in that it does not correct for temperature or hardness 
variations. This approach is being used on one installation for 
approximately 75 per cent of the production. The remainder of 
the production is rolled manually. Manipulation of all ingots is 
performed manually, 

A second approach is to utilize a process computer ‘on-line’ 
to calculate on a pass-by-pass basis. During each pass, mechani¬ 
cal and electrical data are fed back to the computer and used in 
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calculating the next pass. Mill loading is optimized to give maxi¬ 
mum production within thermal, mechanical and metallurgical 
limits of equipment and metal being rolled. Drafting may also 
be optimized, for such products as plate, to obtain proper width, 
shape and final thickness. Effects of roll separating force, mill 
housing stretch, roll bending, roll flattening, roll crown and 
product spread may all be evaluated in producing an on-line 
pass-by-pass rolling schedule. 

Four digital computer systems intended for combined pre¬ 
dictive-adaptive control are known to be installed on reversing 
hot mills producing flat products. One mentioned earlier is cur¬ 
rently used for a pure predictive calculation which is stored and 
read pass-by-pass from memory. The other three are at present 
operated as conventional punched card programme input systems 
with information from each card being stored in a core memory. 

The latter three systems are reported to depend upon ac¬ 
curate measurement of slab or plate temperature and difference 
in temperature from pass to pass along with roll separating force. 
Consistent and accurate measurements of differences in temper¬ 
ature are difficult to obtain because of scale, water, steam and 
changing top and bottom surface cooling. The mill environment 
has made it difficult to obtain adequate sensor accuracy and 
reliability. 

Another technical approach that has been developed and 
tested utilizes a more sophisticated mathematical model and thus 
more extensive computer programming to calculate changes in 
temperature. Variations between the calculated and actual values 
of roll separating force are used to calculate the necessary con¬ 
stants for the mathematical model as the slab or plate is rolled. 
A modification of this model has been very successfully and 
continuously used since December 1962 in the computer set-up 
and operation of a hot strip finishing mill. 

There are other similar instances in steel plant processes 
where either process environment or lack of a sensor of proper 
type, accuracy or reliability renders a laboratory or paper design 


unworkable. In some cases ingenious analysis and design can 
utilize the capabilities of the process computer to achieve full 
adaptive control in spite of a sensor handicap. 

The Hot Strip MUl 

The hot strip mill area extends from the slab yard to the 
finish coders. There may be from two to five slab reheating 
furnaces of as many different designs {Figure 5). There may be 
four or five continuous roughing mill stands driven by synchro¬ 
nous motors {Figure 7), or there may be a reversing rougher 
similar to the mill type just discussed. 

A delay table precedes the finishing mill to permit the plate 
to reach a proper temperature before finishing foiling {Figure 8). 
There may be a crop shear automatically operated from scanning 
sensors that check plate width and rate of change of width to 
crop head and tail ends. 

Following descaling the plate enters the finishing train. Du¬ 
ring most of the rolling period the plate is being reduced in 
thickness simultaneously by all stands. Reduction is effected not 
only by the preset roll openings, but also by tension or changes 
in tension between stands. Both front and tail ends are rolled 
without being in all stands simultaneously and may vary in thick¬ 
ness as the result. 

The strip proceeds down the run-out table where it is sprayed 
with cooling water to cool for grain structure and desired coiling 
temperature {Figure 9). It reaches and enters one of several coders 
while normally travelling at a speed of 1,000 to 2,200 ft./min. 
The same strip will probably be in the coiler, on the run-out 
table and in all finishing stands. At this time this group of drives 
may accelerate to 3,000 or 3,500 ft./min. As the tail end leaves 
each stand, that stand must be quickly reset to proper speed and 
roll opening for the front end of the next plate. The new plate 
may be of different width, thickness and metallurgy. The time 
interval between plates must be kept short to fully utilize pro¬ 
ductive capacity and to maiiitain uniform roll temperature. 



Figure 6, Slabs are heated in reheating furnaces and delivered to tables at entry end of hot strip mill 
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Figure 8. After being held on delay table for proper rolling temperature, front and tail ends oj 
plate are cropped automatically by shear, descaled and entered into six stand finishing mill 


Digital process control computers (Figure 10) are installed 
on two hot strip mills in the U.S.A. The first at McLouth Steel 
Corporation, Trenton, Michigan, was placed in partial operation 
early in 1962. On 1 December 1962 computer control on the 
McLouth mill was agreed to be complete. McLouth assumed 
responsibility and extended operation to full three shift, seven 
day week basis. The old monthly tonnage record was soon broken 
and new monthly production records continue to be made. 


Computer availability as of 12 June 1963 has been in excess 
of 99 per cept. Availability would be practically 100 per cent 
except for one period when servicing was delayed. Improvements 
in plant yield, product quality and operating cost have been 
gratifying. Operators and management speak with enthusiasm 
about product quality, mill performance and the computer. 

The McLouth system utilizes a comprehensive mathematical 
process model or simulation stored in the computer’s memory 


121 








W. E. MILLER 


{Figure 11), In popular press terms it truly operates as a ‘think¬ 
ing machine’ to determine an optimum finishing mill set-up 
based upon only three items of manual input data describing the 
product to be rolled, plus sensor inputs. This process computer 
system continuously demonstrates an as yet unequalled ability 
for mill set-up and rolling performance on schedule changes and 
initial start up after roll changes. 

The second hot strip mill digital control computer is installed 
at National Steel’s Great Lakes Steel Division, Ecorse, Michigan. 


The system is reported to have been operated through a catalogue 
of stand set-up schedules stored in the computer memory. The 
Wall Street Journal reported on 19 February 1963 that the 
company says it is not yet in full operation. 

A third digital process control computer is now being install¬ 
ed on the hot strip mill at the new Spencer Works, Richard 
Thomas & Baldwins, Great Britain {Figure 12), The system is 
patterned after the very successful McLouth system but is of 
significantly broader scope and utilizes a larger faster computer. 



Figure 9, Strip is cooled by sprays on runout table and enters a coiler 



Figure 10, General Electric (USA) 412 process computer * operates" hot strip mill 
from reheat furnaces through coilers 
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Figure IL Finishing mill pulpit^ McLouth Steel Corp, where General 
Electric (USA) 312 process computer ^operates' 6-stand finishing mill 


Here the scope of operations is from reheat furnaces through 
coilers and includes all main and necessary auxiliary drives and 
systems between these limits. 

The I.F.A.C. application paper by R. G. Beadle provides a 
comprehensive description of a complete computer automation 
system for a hot strip mill. However, for completeness and ac¬ 
curacy of this paper it is necessary to mention that the computer 
provides set points, and monitors several important sub-systems 
required prior to, or with the addition of, the computer. Princi¬ 
pal sub-systems are the following: 

(1) Speed regulators for finishing mill stands. 


(2) Finishing mill automatic gauge control. 

(3) Finishing mill looper position regulators. 

(4) Positioning regulators for programming principally screw- 
downs, and sideguides on roughing and finishing mills. 

The current world-wide count for automatic gauge control 
systems for steel and aluminium hot strip mills, either installed 
or purchased, is estimated at 30. These systems vary significantly 
in scope and performance. Approximately 80 per cent of these 
systems have been provided by one U.S. manufacturer. 

Simple numerical data classifiers and loggers are installed 
and continuously used on several mills. Such loggers also have 
been used to test before and after performance for various levels 
of automation. Some data have been published. 

Operating experience has proved that a digital process control 
computer can be used profitably to calculate automatically mill 
drafting, set up stand speeds and roll openings, monitor many 
feedback control systems and upgrade continuously process 
operation in spite of degrading influences such as roll wear, mill 
and steel temperature variations, varying metallurgy and frequent 
order changes—even every coil rolled. It is believed that the 
necessary high level of performance can be achieved only with 
an on-line computer which, by adaptive feedback, can keep its 
mathematical model current with a changing process. 

Cold Reduction Mills 

Today the majority of American cold reduction mills are 
equipped with some form of automatic gauge control. Even so, 
with or without AGC, all produce off-gauge strip at both ends 
of a coil. Today significant attention is being devoted on new 
high production tandem mills to reduce the amount of off-gauge 
strip at the ends, as well as in the main body of the coil, to the 
lowest practicable value. The ultimate objective is to produce 
no more than a few feet of off-gauge product. 



Figure 12, Finishing mill pulpiU Richard Thomas dc Baldwins^ Great Britain^ where General Electric (USA) 
412 process computer will "operate' complete hot strip mill from reheat furnaces to coilers 
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Innovations being installed include improved broader scope 
forms of gauge control {Figure 13) systems for threading the 
mill automatically at higher roll speeds and digital process com¬ 
puter mill set-up calculations, control and monitoring. 

Automatic threading at higher speeds reduce off-gauge strip 
caused by the higher coefficient of roll bite friction existing at 
low speeds. Better utilization of the facility is achieved also since 
threading time is reduced. An automatic threading system has 
been built and tested. It is now being placed in operation on a 
new U.S.A. tandem tinplate mill. 

Computer control has been purchased for two tandem mills, 


both processes. Various process set-up calculations, process 
control, process monitoring functions are properly provided by 
the process computer. 

Three process computers have been applied to electrolytic 
tinning lines. Two will provide a broad range of process control, 
the third tracks and makes certain on-line calculations. It is 
planned to enlarge the latter computer scope to control. 

A process computer is installed and in operation on a con¬ 
tinuous annealing line at Jones & Laughlin’s Aliquippa works. 
The system and operating experience are the subject of the paper 
by J. T. Bradford, Jr. 



Tach 


Figure 13. Improved, broader scope forms of tandem cold mill automatic gauge control will reduce 
off-gauge strip at ends and improve uniformity of gauge in the main body of the coil 


one in the U.S.A. and one in the U.K. The process computer 
can provide the same basic set-up calculations, control and mon¬ 
itoring provided for the hot strip mill. However,‘there are signifi¬ 
cant differences in the technical approach, mathematical model 
and computer programme because of the significantly different 
process characteristics and roll bite phenomena. 

In the U.S.A. the computer is to be installed this year on the 
mill equipped with automatic threading. The computer will per¬ 
mit faster set-up changes between coils. The digital computer 
applied with automatic threading, and expanded scope auto¬ 
matic gauge control promises a new concept of tandem mill 
operation that will be more completely described in planned 
technical papers. 

Continuous Processes Lines 

Large steel strip processing lines such as electrolytic tinning 
lines and continuous annealing lines more nearly approach the 
automotive concept of automation than most steel processes. 
Many operations previously handled separately have been com¬ 
bined into one coordinated process system that my extend over 
600 feet and involve as many as 150-160 adjustable voltage d.c. 
strip propelling motors alone. Usually there are multiple storage 
loops so that entry and delivery zones may be started and stop¬ 
ped without disturbing strip speed in critical processing or treat¬ 
ment zones. 

Product value becomes qiute high {Figure 14) ; yield becomes 
ever more important. The elec^olytic tinning line and annealing 
line are tmly continuous processes with discrete segments of 
strip requiring specific treatment to meet order specifications. 

Higher processing speeds and more competitive markets re¬ 
sult in shorter operating periods per order. A process computer 
offers umque tracking and process programming capabilities on 


Strip processing lines continue to grow in size and complexity. 
Process adjustments are many and varied. Product value is at its 
highest level. Data loggers for quality control are required for 
many processes. New computers are now available that are easily 
expansible from data logging and calculating to process control. 
For many plant situations the economics can favour such a 
computer over the conventional wired programme logger. It is 
expected that many future tinning, and annealing lines may be 
planned for a degree of computer control. 
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Figure 14, Electro tinplate value and production time are significant. 
Improvements in anneal line and tinning line yield represent potentially 

large savings 
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Conclusion 

Highly reliable and accurate local regulators are in extensive 
use throughout the steel industry. The next logical step is to let 
a process computer direct these local regulators by supplying the 
regulator set points. In some cases the computer also may pro¬ 
vide some local regulating functions. The digital process control 
computer is ideally suited for this task because of its nearly 
unlimited capacity for speed, memory and extreme consistency 
with lack of fatigue. Process computer control is not only de¬ 
sirable, it has become a reality and is rapidly developing into a 
necessity to maintain a steel company’s competitive market posi¬ 
tion in the face of ever-increasing demands for improved product 
quality. 

Since computers are incapable of originality, the degree of 
success achieved on any installation is dependent upon the cor¬ 
rectness of the operating computer programme (the software) 
stored in the computer’s memory. Experience with current appli¬ 
cations has proved that hardware alone does not suffice to 
implement a working system of permanent significant value. A 
very considerable amount of process know-how and experience, 
is required to prepare a successful computer programme. 

Mathematical models of many orders of sophistication have 
been developed for various steel plant processes by a number of 
companies. It is the privilege of the purchaser to decide at which 
level of sophistication and first cost he is to take his step into 
process computer automation. Those who have made several 
applications, or who have thoroughly studied the history of 
current successes and failures have developed extreme caution 
towards proposals with broad future expectations or claims, 
long term on-line development programmes, and the lowest 
price. 

Yet those who wait for a standard solution may always wait 
since those who were successful will continue to build additional 
success upon their initial success. Our exploding information and 
control technology is a challenge not only to engineers, but to 
all levels of management. The risks of management increase 
yearly. Decisions will become even more difficult since as the 
scope of the effects broaden survival of the enterprise may be 
affected by making the correct decision at the correct time. It is 
hoped that this Congress and the overall programme has pro¬ 
vided information and knowledge to engineers and management 
on the broad basis necessary to use the available technology for 
continued growth of the world economy. 
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Achievements in the Automation of Ferrous Metallurgy* 

A survey by A. YA. LERN ER 


Production processes in ferrous metallurgy are extremely diverse 
and complex. For the most part they are high-temperatee 
physico-chemical processes taking place in expensive units into 
which numerous materials are fed to take part in the reactions^. 
Each of these processes requires precise organization for opera¬ 
tion and imposes a great number of constraints upon the initial 
materials and on the operating conditions. 

A result of these properties particular to ferrous-metallurgy 
processes is the low efficiency of those control systems which do 
not take sufficient account of the specific features of the process 
—particularly its physico-chemical aspectf. Recent years have 
demonstrated the effectiveness of building control systems, on 
the basis of deep penetration of control into the physico-chemical 
specific aspect of the process, starting from a specific industrial 
or economic aim. 

Nowadays progress in automation in process control has 
become inseparable from progress in the study of processes. 
New information about a process gives rise to ideas and means 
of control; conversely, the desire to make a process controllable 
and able to be monitored stimulates the study of processes and 
the development of the necessary means of control. There are 
now many examples of a process and a unit being changed to 
make them more convenient for control, and there are even 
examples of the creation of basically new processes and units 
created, and adapted for monitoring and control. 

The complexity of processes means that control algorithms 
will be complex. The aim of control is no longer stabilization of 
some specified mode, but the optimization of processes. Control 
itself must not be merely just any permissible control made, 
but must be a precisely defined optimal control. 

The complexity of control algorithms stimulates extensive 
use of modem computing equipment. Developing such systems 
of centralized control and monitoring makes it possible to put 
into controlling equipment an ever greater volume of informa¬ 
tion, which must serve to continuously improve the control 
algorithm. The extensive employment of adaptive and self¬ 
organizing systems makes it possible initially to use a computer 
for study of the process, from which the control algorithm will 
be formulated; then the computer serves as a model of the proc¬ 
ess in the adaptive system, attains a trained state, when it can 
be used as the operator’s ‘adviser’ after which it may be included 
in a closed control loop, eliminating the operator from this 
function and providing better control in-the sense that machine 
control is closer, on average, to optimal. 

The most urgent problems today seem to be first the creation 
of control algorithms (in essence means of implementing algo¬ 
rithms are already available); secondly, the creation of new meas¬ 
urement and metering devices. The third prising problem, to 
solve which the efforts of control specialists and technologists 

♦ Engineer S. A. hfaly gave the author a great deal of help in com- 
^piling this review. 

t This statement can also include human operators when they 
periorm as the controlling element in the control system. 


are being combined, is the creation of continuous processes and 
continuous-action units, such as the direct reduction process, 
the continuous-action steel-smelting unit, etc.®> 

This paper goes on to consider, in the light of these processes, 
achievements in the control of specific ferrous-metallurgy pro¬ 
duction processes. 

Sintering 

The sintering process can be considered as a combination of 
four technological operations: preparation of the charge, roast¬ 
ing on the sinter strip, conveying operations and cooling of the 
finished sinter. The control problem can be formulated in the 
form of a requirement either to maximize output for a prescribed 
sinter quality, or to minimize production cost. From this general 
problem there follow problems for each technological oper¬ 
ation. 

Control of the charging process must ensure the required 
q uan tity of sinter of the specified composition. Here there arises 
the problem of optimizing the charge composition (e.g., accord¬ 
ing to the criterion of cost) by varying the ratio of its various 
components. Yet another optimization problem is posed: devia¬ 
tion from the specified chemical composition must be minimal. 

Systems of weight batching of the charge components have 
been successfully introduced in a number of countries (U.S.A., 
Great Britain, West Germany, Japan). X-ray analysers are used 
to detect variations in the composition of the components 
(U.S.A.). The problenns involved in sintering are extremely com¬ 
plex. Researches in the Soviet Union, the U.S.A. and West 
Germany have shown that the quantity of sinter is mainly deter¬ 
mined by the content of carbon in the charge, whereas the pro¬ 
ductivity of a sintering machine (i.e. the yield of suitable sinter) 
is decisively influenced by the gas-permeability of the charge, 
which is determined by its moisture content. In a control Systran 
(Figure 1) which is being designed in the Soviet Union, it is pro¬ 
posed to maximize the output of the machine (the yield of suit¬ 
able sinter) according to the moisture (i.e. by acting upon the 
supply of water to the charge) and to optimize sinter quality 
according to the contrait of fuel by consecutive search of the 
optimal contents of moisture and fuel on a computer which gives 
instructions to ‘charge-fuel’ and ‘charge-water’ ratio control 
systems. This system also controls the sintra:-machine speed to 
match the horizontal speed of travel of the sinter strip to the 
verdcal rate of sintering. The system also includes two com¬ 
puters: for determining the endpoint of the sintering proc«s 
from the difference in the temperatures of the waste gases in 
three vacuum chambers, and for calculating the true output of 
suitable sinter from the difference in the weights of the charge 
and the return material. 

A patent was granted in West Germany in 1958 for control 
of sintraing on the basis of analysis of the waste gases for CX) 
and CO*, taking into account the quantity and moisture contrait 
of the waste gases. From this data the computer continuously 
calculates the content of C in the charge and its moisture content. 
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Figure L Sintering machine automation 


thus making it possible to vary the supply of coke and water 
while the speed of the pallets is unchanged, thus increasing both 
quality and output. 

As is known, the optimal moisture content value varies with 
changes in the grain size, mineralogical composition and burden 
base. It has been suggested in the Soviet Union that automatic 
control be effected with the aid of two autonomous control 
systems and an optimizer. The process is mainly bonducted by 
analysis of the waste gases for carbon content (i.e. CO and COg) 
and moisture. When there is a variation in the quality of the 
charge, an additional control system is put into operation; this 
maintains the prescribed difference of temperatures of the waste 
gases in the last vacuum chambers by abting upon the speed of 
the strip. The optimizer acts upon the moisture content of the 
charge and finds the maximum gas-permeability of the charge, 
which is evaluated from the rarefaction in the vacuum chamber. 
The optimal moisture-content value for the given condition, hav¬ 
ing been found, is maintained henceforward by the main control 
systems. 

As for measurements and metering devices, mention must be 
made, above all, of the success of the firm of Lurgi (West 
Germany) in developing the means necessary for charging; also 
worthy of mention are the development of an x-ray charge 
analyser (U.S.A.), instruments for moisture content control, 
developed by Elliott’s (Great Britain), and an instrument for 
measuring the magnetic susceptibility of a charge, developed in 
the Soviet Union^®. 

Blast-Furnace Production 

Very considerable progress has been made in automation of 
blast-furnace control. Research has been developing on a broad 
scale, primarily in the U.S.A. and the Soviet Union, into the use 
of computers for studying the blast-fiimace process and opera¬ 
tive control of it. A great deal of information on the process is 
being gathered. Analogue or digital computers, on the basis of 
the proposed mathematical descriptions of the blast-furnace proc¬ 


ess, calculate the material and thermal balances, heat-transfer 
to the burden, the development of direct and indirect reduction; 
they determine the influence of the variation of different para¬ 
meters of blast-furnace smelting, e.g., moisture-content, natural- 
gas additions, etc., upon the process indices. 

The mathematical descriptions, however, do not as yet cover 
all the aspects of the process, so there is a parallel development 
of experimental methods of investigation of the process. Re¬ 
searches conducted in this direction in the Soviet Union have 
revealed the extremal relationships which exist between certain 
quantities, which suggests the possibility of the use of optimizers 
on blast furnaces. 

Great progress has also been made in automation of elements 
and assemblies. Solid-state (using semiconductors and magnetic 
amplifiers) circuits for controlling furnace charging are being 
successfully developed and introduced. Such units are already in 
operation at some American plants and will soon be working in 
the Soviet Union. Research is being conducted in the Soviet 
Union into automation of car-scales with registration of the 
weight and composition of the burden. 

Wide use is made in the United States, France, Italy, West 
Germany and the Soviet Union of automatic distribution of the 
blast around the furnace tuyeres. For this purpose use is made 
of instruments forming part of composite and unified systems 
(Minneapolis-Honeywell, B.I.F. Industries, Hagan and Siemens, 
and in the Soviet Union TsLA and N.I.I. Teplopribor). 

Already working successfully in the Soviet Union is a system 
for controlling a rotary burden distributor, which considerably 
evens out the temperature of the throat gas over the whole cross 
section of the furnace. One Soviet furnace employs a system for 
controlling the relation between the flow rate of the natural gas 
and the hot blast, taking into account the oxygen concentration 
of the blast. Wide use is made of a system for controlling the 
operation of the air heaters, which switches the heaters to control 
their thermal performance. Control of the ignition of the jet when 
transferring an air heater to gas is effected by a special light- 
seiwitive relay, which reacts only to the pulsating flame of the jet. 
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Since blast temperatures are now increased to 1,200° C, the 
air-heater heating and crown-shielding control system required 
special attention. Units with a radiation pyrometer aimed at the 
upper portion of the burden are in successful operation. 

The intensification of blast-furnace operation requires the 
sophistication of monitoring control, and this has led to the 
creation of centralized monitoring systems. Such systems have 
been designed, for example, in West Germany—Siemens Tele- 
perm—^and in the Soviet Union—TsLA sytem. Many new means 
of monitoring have been evolved. X-ray analysers and mass- 
spectrometric instruments have been developed in the U.S.A., 
Great Britain and the Soviet Union for analysis of the chemical 
composition of the raw material. The Siemens firm in West Ger¬ 
many has developed a reliable instrument for determining blast 
moisture content with the aid of a lithium-chloride absorber. 
Hygrometers with good metrological indices have also been de¬ 
signed in East Germany, Hungary, Czechoslovakia and Poland. 

Siemens has built reliable and accurate CO and CO 2 gas 
analysers (2nd class of accuracy). An isotope level-meter has been 
developed, first in the Soviet Union and then in the United States. 
A pulsating probe has been designed in East Germany. Both 
these instruments are used to determine the charging level. Equip¬ 
ment has been designed and introduced in the Soviet Union for 
continuous measurement of the temperature of the iron on the 
outlet. 

Of great interest is the research conducted in East Germany 
and Czechoslovakia, aimed at creating methods of taking rep¬ 
resentative samples for analysis of the composition of the ore 
part of the burden and the moisture content of the coke. An¬ 
other interesting feature is the use which is now being made in 
the Soviet Union of computers for control of the ore area^'^» 

Steel-making—Convertor Production of Steel 

According to available estimates, an experienced operator 
can maintain the required temperature conditions for only 60 to 
65 per cent of working time in the U.S.A., as against 70-^0 per 
cent in Japan. Present experience in the use of control systems 
indicates that their employment enables the steel-making time 
to be cut by 20-40 per cent. Studies of the process are being 
made in a number of countries (U.S.A., West Germany and the 
Soviet Union) to work out a mathematical description of the 
process. The problem of controlling converter smelting consists 
of determining the moment of tilting the converter with the 
attainment of the prescribed composition and prescribed tem¬ 
perature of the steel. Two methods of stopping the blowing at 
a prescribed carbon content are most promising. In the first 
place, it is a question of calculating the amount of O 2 required 
per heat to produce the specified content of carbon, and second¬ 
ly, continuous determination of the content of carbon in the bath 
according to its balance. The second method is effective only 
with a sufficiently high carbon content. With a low content, to 
determine the moment of stopping blowing according to the 
appearance of the flame above the top of the converter, use is 
made of instruments of the bolometer type (TsLA in the Soviet 
Union). Thermocouples or optical pyrometers are mainly used 
to measure the temperature of the converter bath. These methods 
do not offer the necessary precision. Therefore, it is necessary to 
calculate the quantity of cooling agents (steel scrap, ore, sinter, 
etc.) per blowing, according to the equations of the thermal 
balance; the coefficients in these equations are established by 


means of continuous statistical processing of the results of pre¬ 
vious blowings. 

Another important need in carrying out smelting is calcula¬ 
tion of the quantity of oxidizers and alloying additives on the 
basis of information about the composition of the ferro-alloys, 
and also about the composition and temperature of the metal. 

The approach described above is characteristic of most of 
the studies being made in many countries (in the U.S.A. Jones 
and Laughlin Co., Great Lake Steel Corp., Minneapolis-Honey- 
well; in Great Britain B.I.S.R.A.; in the Soviet Union the Central 
Ferrous Metallurgy Research Institute, the Automation Institute 
of the Ukrainian S.S.R., and others). 

Figure 2 shows a layout^®, for complex converter automation. 
This scheme envisages the use of a computer which, on the basis 
of the characteristics of furnaces and raw materials will guaran¬ 
tee the chemical composition and temperature of the steel pro¬ 
duced by issuing instructions about the amount of the required 
additives. In the Soviet Union, a digital computer is used for 
controlling converters. It is used to calculate the amounts of 
oxygen and coolants per heat to obtain, at the moment blowing 
ceases, the specified content of carbon and temperature of the 
steel, the quantity of slag-formers for the production of slag of 
the specified basicity, the amounts of deoxidizers and alloying 
additions per heat, etc. 

At the first stage the results of the calculations on the machine 
will be given out in the form of recommendations, but after 
proving the algorithms, the machine will be given the functions 
of control. The Cybernetics Institute of the Ukrainian Academy 
of Sciences has made some interesting experiments, in the course 
of which control of the tilting of converters operating in Dzer- 
zhinsk was effected from Kiev^^~^®. 

Open-hearth Production 

Production of steel in open-hearth furnaces predominates at 
the present time. The complex periodic process of making steel 
in an open-hearth furnace still cannot be satisfactorily monitor¬ 
ed. Because of this, great efforts are being made all over the 
world, and vast sums are being spent, on the development of 
methods of measurement and instruments. 

For measuring the temperature of the metal in the furnace 
pool, in addition to immersion thermocouples, use is made of 
small radiation pyrometers which are placed in blown-through 
tubes. 

The temperature of the combustion products on the vertical 
channels of the furnace is measured by the intensity of the spec¬ 
tral bands characteristic of CO 2 , with the aid of the optico- 
acoustic pyrometer. 

The temperature of the air after heating in the regenerator 
is measured by the speed of passage of ultrasonic waves. A spark 
discharge is used as the noise source, while the receiver is a 
capacitor microphone. An unusual solution has been found in. 
the Soviet Union to the problem of measuring the temperature 
of the inside surface of the crown. Telescopic units which ‘inspect* 
the crown, are used. 

The level of automation of elements and thermotechnical 
monitoring of open-hearth furnaces is the same in most industrial 
countries. An ex^ple is the structure of an open-hearth furnace 
control system, widely used in the Soviet Union (Figure 3), 

The main peculiarity of this system is control of the thermal 
load by constraints. Since the efficiency of operation of open- 
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Figure 2. Converter automation 
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Figure 3. Open-hearth furnace 
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hearth furnaces in the domain of permissible conditions rises 
monotonically with an increase in the thermal load, the optimal 
mode is one in which the thermal load is always maintained at 
the maximum level compatible with the constraints peculiar to 
the given equipment. Such constraints for the thermal load of an 
open-hearth furnace are, for example, crown temperature, re¬ 
generator top temperature, pressure in the combustion space, 
etc. 

In the layout shown, maximization of the thermal load within 
permissible limits is achieved by the fact that an increase in the 
load occurs only when this is permitted by all the constraining 
factors, and a reduction occurs when this is required by even 
one of the factors. 

However, the control system described does not take suffi¬ 
cient account of the specific features of the technological process 
of each heat. In order to overcome this drawback, intensive 
research is being conducted into algorithmization of open-hearth 
furnace control and the use of computers for monitoring and 
control of thermal and technological modes. 

The algorithms will be based on the relationships of the rate 
of burn-out of the carbon, the thermal assimilation of the pool 
and the coefficient of useful thermal utilization to the controlling 
parameters of the process. These relationships are realized in an 
analogue device now in use in the Soviet Union. A system of 
complex automatic control of the thermal mode, using the latest 
pneumatic equipment, is now in the test stage. This control 
scheme limits the thermal load in accordance with the tempera¬ 
ture of the crown and the regenerators, the pressure in the com¬ 
bustion space in the furnace and the content of oxygen in the 
flue gases. 

Another—still experimental—device, which is being intro¬ 
duced in the Soviet Union, will be used for producing a mathe¬ 
matical description of the process on the basis of: (a) automatic 
gas analysis for CO, CO 2 , O 2 and H 2 in the vertical channels, 
the space above the regenerator checkerwork and in the furnace 
flues; {b) measurement of the amount of flue gases with the aid 
of Venturi tubes installed in the flues; (c) the air preheat temper¬ 
ature, as measured by an ultrasonic pyrometer; (d) the temper¬ 
ature of the flue gases, measured by an optico-acoustic pyro¬ 
meter, and also the weight of the slag, the temperature of the 
metal in the pool, and other measurements. A method has also 
been developed and checked in practice of monitoring the burn¬ 
out of c^bon according to the oxygen balance of the furnace 
combustion space. The error in determination of the content of 
carbon in the pool does not exceed 0*3 per cent as a rule. 

Great interest is being shown in problems of organizing run¬ 
ning control of an open-hearth shop. For example, /the layout 
envisages the collection and printing of information on the work 
of the furnaces for subsequent analysis, and also evaluation of 
the course of smelting in each furnace with display indication 
of deviations from the specified conditions. 

Automatic flow control of open-hearth shop by regulariza¬ 
tion of production and handling operations is now being intro¬ 
duced in the Soviet Union. The automatic control system, with 
the aim of ensuring a smooth work flow of all sections of the 
shop forming part of the flow, carries out coordination of all the 
working schedules of the sections in such a way that both mech¬ 
anism and materials advance at the proper time. This control is 
effected in accordance with the flows of materials. In addition 
to this, use is made of flow control for the sections of the shop 
(furnace span, charge area, teeming span, and also the stripper 


section and the components preparation section). Here the op¬ 
erations of planning the preparation of the equipment in accord¬ 
ance with ^e schedule of heats are effected automatically: the 
issuing of instructions for the execution of production and han¬ 
dling operations, and also checking of the execution and true 
tempo of work of the sections^®~^. 

Electric Steel-making 

At the present time many of the problems involved in mecha¬ 
nization of electric steel-making furnaces have been, and are 
being, solved successfully. This has created extensive opportuni¬ 
ties for automatic control of the process of smelting in such fur¬ 
naces. Great progress has been made in the study of electrical 
and physico-chemical processes, and this has provided a founda¬ 
tion for the solution of the control problem. 

Adaptive mathematical analogues, designed to determine the 
coefficients and the differential equations characterizing the 
process of input of electrical energy into a furnace and for cal¬ 
culating the smelting process, have been developed in the Soviet 
Union. High-speed automatic power controllers have also been 
evolved. Several extremely sophisticated controllers have also 
been built in the U.S.A., West Germany and other countries. 

Considerable progress in studying the thermal conditions of 
smelting and heat-exchange, and in the development of methods 
for measuring the fettling temperature, primarily in the Soviet 
Union and Great Britain, has led to the building of the first 
models of controllers of thermal conditions. 

Researches have revealed the influence of arc currents and 
voltages upon the rate of heating of the metal and the fettling 
and upon the magnitude of the thermal efficiency factor. These 
relationships are of an extremal nature, and it may be expected 
that effective use will very soon be made of automatic optimizers 
in the arc control system. 

There can be no doubt that the latest measurement methods 
and meters mentioned above, could also be used in electric steel¬ 
making, and that this would have a considerable effect. An 
example is the use of devices for measurement and automatic 
regulation of temperature. These control systems decrease by 
two to three times the temperature dispersion of the steel and 
considerably reduce the variation of its physico-chemical para¬ 
meters^®®. 

Continuous Teeming of Steel 

Continuous teeming of steel is being used on an ever-in- 
creasing scale. The technological process of continuous teeming 
requires sophisticated monitoring and stabilization of many 
parameters. 

The level of automation of these units for continuous teem¬ 
ing is roughly the same in all countries where such units exist. 
Soviet units will be considered. 

The main elements of the control system are the controllers 
of the metal level in the intermediate ladle and the crystallizer. 

The intermediate-ladle level controller consists of a tenso¬ 
metric weighing device with automatic compensation of the 
weight of the empty ladle, and a pneumatic controller which acts 
upon the stopper of the teeming ladle. The crystallizer metal 
level controller consists of a radioactive level-sensing element, 
a compensator to eliminate the influence of swinging of the 
crystallizer and a controller which acts on the intermediate-ladle 
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Stopper drive. In addition to these two control systems, use is 
also made of control of the temperature of the fettling on the 
walls of the intermediate unit, the consumption of water on cool¬ 
ing, etc. The units are fitted with automatic outfits for autoge¬ 
nous cutting of strip into measured lengths. 

Conclusion 

In conclusion, I should like to underline some of the direc¬ 
tions of control science, the use of which in ferrous metallurgy 
will have, in my opinion, a considerable effect. Systems-engineer- 
ing, as the scientific basis of control of complex systems, makes 
it possible to optimize ferrous-metallurgy processes on branch 
and works scales, and also to formulate more clearly criteria and 
specifications for individual units and processes. 

The use of operations-study methods will make it possible 
statistically to evaluate the effectiveness of control and to ensure 
the adoption of the most advantageous solutions in regard to 
the organization of production. 

The physico-chemical processes which take place in the 
majority of ferrous-metallurgy plants are described, as a rule, 
by equations in partial derivatives. 

The theory of optimal control of plants with distributed para¬ 
meters is an apparatus which will make it possible to create 
systems of optimal control of such equipment as chamber and 
straight-through heating and thermal furnaces, blast and open- 
hearth furnaces, crystallizers, etc. 

In such a brief communication it is not possible to deal in 
more detail with the most interesting problems which today 
demand the use of the latest achievements of the theory of means 
of control for their solution. 

Neither is it possible to list all the problems which face us in 
this branch of industry. Furthermore, a short review cannot 
cover all the existing points of view on ways of further automat¬ 
ing production, and of controlling this production. 

However, I think that this communication can be concluded 
by stressing the enormous role of control science in the progress, 
not only of production automation, but also of production 
technology. 

The time has already arrived, when automation of production 
control is one of the technical progress®^~^. 
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Summary 


The operations involved in the sintering process are performed on 

solid materi^s and described by mathematical equations. 

The operations are in three separate cycles: 

(1) Sinter Mix: composition, transport, mixing and moistening, depo¬ 
sition of sinter mix on the machine. 

(2) Hearth Layer: separation of hearth layer by screening the sintered 
product, transport, hoisting, stocking in the hopper and deposition 
on the machine. 

(3) Return Fines: separation of return fines by screening the sintered 

product, transport, hoisting, stocking in the bin for the recycling 
(cycle 1). ® 


The cycle of sinter mix preparation, in its component phases, 
r^es the problem of some important controls. These controls cover 
the smter chemical composition and technological properties and the 
fuel proportioning as a function of the mechanical properties of pro¬ 
duct and the output rate. ^ 


A composition has been examined in 

detail- The composition is continuously determined on the plant by 
an x-ray fluore^nce analyser. This control has been studied in its 
various po^ibilities and is based on set base-indices as fuel-ore ratio 
basicity mtio, slagging materials-iron ratio. 

Consideration of such ratios, characterizing the sinter, refers to 
evaluation pf sinter plant as an homogenizing filter of ferrous materials 
for the blast furnace charge. In this condition the above-mentioned 
ratios are fixed, or related to sinter with variable indices, and sub¬ 
mitted directly to blast furnace requirements. 

The study, which refers to the two most used indices, can be 
applied to other indices such as alumine index, and other particular 
ratios ^nceming sinter gangue, and to the control of limits set for 
such elements as Cu, P, As. Various applicable dispositions are 
described and their advantages and limits discussed. Compound 
systems structurally analogous to the control are considered more 
smtable to needs of the examined case. In certain typical diagrams 
the equations, governing the static behaviour, are reported and dis¬ 
cussed, assuming the use of zero error control systems. 

The adhesion of the control loops gives the limits for the fields of 
perm^ible variations in the composition of additives, and conclusions 
suitable m most cases of application are also repoirted. 

A dynamic^ analysis on a typical scheme has been perfonned 

equations representing the scheme. 

ine stabdity has been analysed by use of classic criteria (Routh- 
Hurwitz) rad of a method introducing and analysing the fundamental 
ways for deramposition of the system under study. The last method 
^ response. Absolute and relative errors 

are detoed rad the project relations are found, corresponding to a 
luinciple of equipartition of these errors on output (indices). It is 
shown that the introduction of these principles imposes the con- 
sideration of multiple interaction systems. 


Sommaire 

Les opdrations effectu&s sur les mati^res solides intervenrat dans le 
processiM d agglomeration sont d&rites par des equations mathemati- 
ques se r^ffrant au temps. 

Les op6rations correspondent k trois cycles s6pai6s: 

(1) flange 4 agglom^rer; composition, transport, melange et humi¬ 
dification, depat du melange k agglom6rer sur la machine. 


(2) Charge de foyer; S6paration de la charge de foyer par tamisage du 
produit agglom6r6, transport, levage, stockage dans la tr6mie et 
depat sur la machine. 

(3) Fines de retour: separation des fines de retour par tamisage du 
produit agglom6r6, transport, levage, stockage dans la caisse pour 
le recyclage (cycle 1). 

Le cycle de la preparation du melange k agglom^rer, dans ses 
phases composantes, soul^ve le probl^me de quelques r6glages impor- 
tants. Ces r^glages concement la composition chimique et les pro- 
pridt^s technologiqu^ de ragglom6r4 et le proportionnement de 
combustible en fonction des propri6t6s m^caniques du produit et de 
rallure de production. 

Le r^glage du d6bit et de la composition de ragglom6r6 a kt6 
examine en detail. La composition est continuellement daerminde 
dans rinstallation par un analyseur de fluorescence k rayons X. Ce 
r^glage a 6t6 6tudi6 dans ses diverses possibility et se trouve bas6 sur 
d^ indices de base prad6terminy tels que le rapport combustible- 
mmeral, le rapport de basicity, le rapport matiyes fluidisantes/fer. 

La prise en consid6ration de tels rapports caractdrisant raggIom6r6 
se rapporte k Valuation de rinstallation d’agglomyation en tant 
que iiltre d’homogdnisation de matidres ferreuses pour la chargement 
du haut-fourneau. Dans ces conditions, ces rapports sont fixes ou, 
lorsqu ils se rapportent 4 des agglom^rds avec indices variables, 
sont directement soumis aux exigences du haut-fourneau. 

L’6tude, qui se rapporte aux deux indices les plus usuels, peut 6tre 
appliqufe & d’autres indices, tels I’index d’alumine, et k d’autres 
rapports particuliers interessant la gangue d’agglom6r6 et au r6glage 
des liniites impos6es k certains a6ments, tels le cuivre, le phosphore, 

1 ^mc. Les diverses dispositions pouvrat Stre appliqudes sont d6- 
crites et leurs avantages et limites d’emploi sont discutfe. Les systSmes 
mixtes, analogues par leur structure au r^age, sont consid6r& 
comme convenant davratage au cas examine. Dans le cas de certains 
diagrammes typiques, les ^nations r^gissrat le comportement statique 
sont exposdes et discut^es dans I’hypothise d’emploi du systeme de 
r^lage h annulation d’icart. 

L adh^on des boucles de commande donne les limites des champs 
de variation admissibles de la composition des matiferes d’addition. 
Les conclusions convenant k la plupart des cas d’applications sent 
egalement donnto. 

Une an^yse dynamique selon un schema typique a 6t6 rialisfe 
apr^ linearisation du systtoie d’equations representrat le schema. 

La stabilite a ete analyses par I’emploi de criteres dassiques (Routh- 
Hurwitz) et d’une methode introduisant et raalysrat les manieres 
fondamentales de decomposer le systfeme etudie. Cette demiere 
methode peut Stre employee pour I’analyse de la rdponse. Les erreurs 
absolues et relatives sont d6£imes et les relations de projet, correspon- 
^t 4 un principe d’equirepartition de ces erreurs sur la production 
(mdlces), sont trouvees. H est montre que I’introduction de ces prin- 
cipes impose la necessite de considerer des systemes 4 intaiftotjons 
multiples. 


Die bei Sinterprqzessen ablaufenden VorgSnge werden durch mathe- 
matische Gleichungen im Zeitbereich beschrieben. Der Ablauf ge- 
schiebt in drei getrennten ArbeitsgSngen: 
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(1) Ai^ereitung des Sinterproduktes: Zusammensetzung, Transport, 

MischenundAnfeuchten,EinbringenderMischiingindieMaschme. 

(2) Sinteischicht: Trennung des Ofenbelages durch Sieben des gesin- 
terten Produktes, Transport, Anheben, Speichem und Ablage auf 
der Maschine. 

(3) Ruckstande: Trennung der RUckstdnde durch Absieben des 
Sinterproduktes, Transport und Speichem im Behalter zur Wieder- 
holung des Arbeitszyklus. 

Die Stufe zur Vorbereitung der Sintermischung fuhrt in ihren Teil- 
vorgtogen auf einige wichtige Regelprobleme. Sie beziehen sich auf 
die chemische Zusammensetzung und die technolo^hen Eigenschaf- 

Zugabe von Brennstoff in 
Abnangigkeit von den mechanischen Eigenschaften und dem Durch- 
satz des Ausgangsproduktes. 

Die Regelung des Mengenstromes und der Zusammensetzung der 
SmtermMM wurde eingehend untersucht. Die Zusammensetzung wird 
m der Anlage laufend durch ein ROntgenstrahl-Analysiergerdt iiber- 
wacht. Die verschiedenen Mbgiichkeiten der Regelung wurden unter- 
sucht; sie beruhen auf den vorgegebenen Kennwerten, wie dem Ver- 
haitnis Brennstoff: Erz, dem Basizitatsgrad und dem Verhaitnis 
Schlacke: Eisen. 

Bei Beriicksichtigung solcher Verhaitniszahlen, welche die Sinter- 
m^ kenuMichnen, faOt man die Slnteranlage als homogenisierendes 
ruter fte eisenhaltige Stofife zur Beschickung von Schachtbfen auf. 
Unter fflesen Voraussetzungen sind die oben erw9hnten Verhfiltnis- 
zMlen fest, in anderen F&llen werden sie — wenn sie sich auf eine 
Smtermasse mit wechseinden Eigenschaften beziehen — nnmitt^iba r 
nach den Anforderungen des Schachtofens gewShlt. 

Die Untersuchung, welche sich auf die beiden gebraucMichsten 
Ei^nschaften stUtzt, kann auch auf andere, wie den Aluminiumgehalt 
und weitere spmielle Kennwerte, die sich auf den Gehalt des Sinters 
an Oanggestein beziehen, ausgedehnt werden, sowie auf die Orenz- 
wertregelung flir einige Elemente wie Cu. P, As. Veischiedene ausfOhr- 
bare^ordnungen werden beschriebeh und hinsichtlich finer Vortefie 
rad Ore^n betrachtet. Die Verbundsysteme, in ihrer Struktur dem 
Regelkreis analog, scheinen den Anspriichen des untersuchten Pro- 
bletm besser zu entsprechen. Fiir einige typische Anordnungen werden 
die Gleichungen, die den Beharrungszustand bestimmen, angegeben 
rad unter der Annahme diskutiert, dafl Regler mit I-Verhalten Ver- 
wendungflnden. 

Die Auslegung der Regelkreise liefert die Grenzen der Pfraj^^h" in 
denen die Zusammensetzung der Zuschlage varlieren darf. Die fllr die 
Mehrzahi der Anwendungen gOltigen SchluBfolgerungen werden an- 
gefdhrt. 

_ dynamische Verhalten einer typischen Anlage wurde nach der 
Lin^isierung der Systemgleichragen untersucht. Die’ Stabilitftts- 
prufung geschah mit Hilfe der klassischen Kriterien (Routh, Hurwitz) 
rad ^t Hilfe eines Verfahrens, das von der grundlegenden Meglich- 
keit dM Zerlegung des betrachteten Systems ausgeht. Die letztere 
Methode ist auch zur Analyse der Obertragungseigenschaften brauch- 
bar. Die absoluten und relativen Fehler werden d^iert; daraus er- 
gercn sich fieziehungen ffir die Planung, die einem Prinzip der gleich- 
mauipn Verteilung der Fehler auf die AusgangsgrbSen entsprechen. 
Es zeigt sich, daB die Einfiihrung dicser Prinzipien auf die Behandlrag 
von mehrfach gekoppelten Systemen flihrt. 

Preliminary Considerations 

The present paper is devoted to an analysis of the control of 
mix composition, flow rate and fuel proportioning in a modem 
sintering plant. 

The chemical composition of the mix is a basic characteristic 
for achieving a satisfactory performance in the operation of a 
sintering plant. Jut the importance of a control-on mix compo¬ 
sition ectends outside the sintering plant. Due to the trend in 
iron and steel works operation of using a high percentage of 


self-fluxing sinter in the blast fiimace charge, the possibility of 
controlling effectively the materials composition at the entry of 
the sintering plant allows the reduction of, or even the avoidance 
of, the blending practices in burdening the blast furnace. 

™s should ^ve undoubted advantages; in fact the pro¬ 
portioning operation can be performed continuously if it is as¬ 
sociated with a sintering plant, while when done at the blast 
furna^ top it is affected by the discontinuous nature of the 
charging operation. As a consequence, complications are met 
with and a lower uniformity of results is obtained from the 
operation at the blast furnace. Also the layout of homogenizing 
yards can undergo substantial simplification. 

The flow rate control is fundamental in order to assure the 
constancy of level and the uniformity of the sinter characteristics; 
for this purpose the flow rate control may be connected, 
for in^ce, to a measure of the bum-through point location^. 

It is not intended to deal in this paper with the interaction 
of the various sub-assemblies of a sinta±ig plant and with the 
relationship between sintering plant and reduction furnaces or 
blast furnaces. The set points have been chosen from the many 
possible ones. A p^icular emphasis was put on flow rate (iron 
ores, charge materi^s or pig iron), fuel-ore ratio, basicity index, 
slaggmg materials/iron ratio, but the resulting considerations 
may immediately be applied to control of other less common 
reference parameters (alumina index or other ratios, affecting 
sinter gangue) or, alternatively, to the control of upper limits for 
such elements as Cu, P and As. 

The ransiderations reported here allow a wide freedom about 
the particular stmcture of the control system inside the sintering 
plant or about the characteristics of the filtering action to be as¬ 
signed to this sub-system in view of homogenizing the materials 
to be charged into the blast furnace. Also the diagrams con¬ 
sidered have no limited significance for the particular case which 
is treated; they are chiefly used to describe the fundamental 
aspects of the problem. The terminology, used particularly for 
the dynamic analysis of the problem, refers to analogue solutions 
as far as the regulators are concerned, but from this point of 
view the results are still valid in the case of digital solutions. 

To introduce and consider the fundamental aspects of the 
subject, reference is made to Figure 1, reproducing, with some 
minor change, a scheme already proposed in the past by Hamil¬ 
ton and Houltra^ For the symbols one should refer to a list 
reported in the Appaidix. This section deals only with a quali-’ 
tative survey of the system; the quantitative analysis is con¬ 
sidered in the following section. 

For the sake of simplicity, the number of raw materials 
storage bins has bera reduced to three—iron ore (acid gangue is 
supposed), an addition agent (therefore basic), and coal to bring 
the material to incipient melting. 

Flow rate and chemical composition measurmnents are per¬ 
formed contmuously at the exit of each bin. A continuous and 
reliable chemical composition determination, that is obviously 
essential for the autonmtic control of a proportioning sys tem^ re¬ 
presented for a long time an unsolved problem. Only in recent 
times have satisfactory results bera obtained by x-ray fluorescence 
spectrometry. More detailed particulars on the subject may be 
found, for example, in a paper by Furbee“. 

Taking Figure 1 again into considwation, the control on the 
ore bin feeder acts when the flow rate value of ore differs from 
reference value Kj,. The particular type of actuators for the feeder 
dnve is not examined. A local control loop, having as a set point, 
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Reference values C—^ < 

(a) K| s Iron ore flow rate 

(b) Fue(~ore flow ratio 

<c) Basicity index 


D 

dgi 


X - ray continoous analyser 
Flow rate transducer 


Adder (a^bac) 


. 


Multiplier (a.bac) 


Figure!. Cascade control 


the flow rate, may be supposed in operation; afterwards it is 
seen that the presence of local loops on the actuators can be 
avoided. The control on the fuel bin feeder acts when the ratio 
between iron ore and carbon flow rate (with exclusion of sulphur 
if any) differs from reference value The control on the 
additive bin feeder acts when the "basicity index* differs from 
reference value Kj^a- 

The various schemes examined in this paper, a typical ex¬ 
ample of which is the above described Figure i, have both the 
characteristics of feedback controls (therefore they present sta¬ 
bility problems) and of forward (open loop) controls, chiefly 
from the point of view of their relations with the plant They 
will be termed ‘compound circuits’ in this paper. Consideration 
of this concept affords an opportunity of mentioning other pos¬ 
sible control classes besides the compound circuits; a fuller ex¬ 
amination of the subject is therefore useful. 

It must be stated that it is necessary, due to the nature of the 
values taken as reference, to use a computer of elementary type, 
calculating ratios of variables whether directly measured or 
given by a process simulator. The indices are indeed—as the 
efficiencies in power generation—values that are drawn for their 
nature from processing of variables directly measured. 

In a closed loop system these variables must be measured, by 
definition, after the proportioning equipment. However, in the 
scheme of Figure i, the output variable, i.e. the materials compo¬ 
sition after the automatic proportioning equipment, is not 
directly measured. On the contrary, the materials composition 
and flow rate are determined at the bins outlet; in this way, the 
channels, through which all the disturbances are supposed to 
enter into the system, are directly monitored. It should be taken 
into account that from a general point of view other physical 
variables, for instance moisture variations, contribute to the 
determination of the process behaviour affecting the chemical 
and thermal balances; it will be assumed that moisture variatio ns 
are slow if compared with the other noises affecting the process, 
and that it is possible to introduce them from outside as a com¬ 


pensation in the continuous weighing systems, in order that the 
output from these systems may be considered as representative 
of dry mix weight. 

With regard to the plant, all the regulators in the compound 
systems are in the condition of a forward control without any 
possibility of a direct comparison of set points with the output 
values. On the other hand, some of the set points are, for defi¬ 
nition, indices, evaluated on output material, i.e. after mixing. 
Therefore it will be conceptually necessary to provide some plant 
simulation in order to give to the index computer the data to be 
processed. In the case of the proportioning systems, examined 
here, the problem is almost trivial because it is only necessary 
to calculate continuously weighted averages, where the weight 
is constituted by measured values of flow rates. 

From the index computer output onwards, the signal 
processing is the same as in a closed system. The indices, and 
generally the controlled quantities, are compared with set 
points and the errors, usually through a multivariable controller, 
act on feeding actuators of the various bins. 

Suppose that all the communication channels between 
external environment and the system, or at least those considered 
significant as far as results are concerned (in this case set points, 
flow rates and compositions), are measured and that process 
characteristics do not vary; the results will be satisfactory both 
in compound and closed loop systems. Actually, in the plants 
having such elementary characteristics as the proportioning 
systems, a lack of correspondence in the functional relationship 
between inlet and outlet variables would imply obviously 
abnormal operating conditions. For example, it should be 
assumed that a certain quantity of materidi fed at the entry would 
not be discharged at the exit (for instance, a secondary belt 
conveyor from additive storage bin to main belt conveyor not 
running or not able to discharge, the feed material quantity) or 
that some material coming from the outlet does, not correspond 
to the material delivered at the inlet (for instance the quantities 
due to air pollution that must be considered always negligible): 
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From a static point of view, it should be stated that for the 
plants under examination the results given by compound systems 
are comparable with those obtained by closed loop systems* 
On the other hand, from a dynamic point of view, the preference 
is given to compound systems. In fact in closed loop systems of 
this sort the problem of obtaining a steady and fast response 
regulation is a very difficult one, due to transport delays in the 
loop and the noise which is likely to be high enough due to the 
very nature of measured variables. The characteristics of noise 
are little known and are strongly dependent on the ore source; 
however, in any case, its presence limits the response band of 
the system and therefore increases the response time. Further¬ 
more it should be added that, the system being non-linear, 
stability and quality of the response must be achieved by the 
designer over the whole operating range of the plant. The process, 
as seen later, can present different dynamical characteristics in the 
various working zones. It is very interesting to note that in com¬ 
pound systems the time constants of continuous analysers do 
not appear explicitly in stability discussions (while they affect 
the response quality); obviously it does not happen in this way 
in closed loop controls, and this introduces a source of further 
complication in the quantitative analysis of their dynamics. 

After examination of the relationship between compound 
and closed loop systems, it is necessary to compare compound 
and open loop systems. For greater evidence, reference is made 
to Figure 2 where a comparison is made between these three 
limit cases considered here. For simplicity, the used representa¬ 
tion method is the unipolar block diagram; in practice, many 
of the interconnections will be of a multipole type. In order to 


storage bins 




Figure 2, Comparison between possible control systems: (a) closed loop 
system; (b) compound system; (c) open loop system 

R controller (multiple) I A amplifier \ 1 proportioning equipment \ H tranter function 
of continuous analysers; S process simulator; C production indices computer; i: storage 

bin indices 


maintain a useful connection with what is reported later, the 
authors have already used in this figure the set-point values of 
the simplified universal diagram reported in Figure 7; they have 
the same function of the reference values in Figure L This 
representation clarifies how the necessity of introducing measured 
flow rate values in indices computation leads to the build up of 
a set of closed loops in the regulation system itself (assume also 
that the feeders are included in it) and it raises stability problems. 
It may be possible to avoid these closed loops, if the actual flow 
rate values are not introduced into the calculation. As will be 
seen in more detail later on, it is always possible to write down 
the equations expressing mixing conditions in such a form as 
to obtain from calculation the flow rates, satisfying external 
reference values (indices, productivity, etc.), as functions of 
continuously measured compositions. These calculated flow 
rates are given as input values to the amplifiers of the actuators. 
Because the relationship between input to feeder mechanisms 
and output flow rate is not well known and varies with operating 
conditions, it is very likely that these amplifiers contain some 
negative feedback provisions through a flow rate measure. 
Therefore the control is of the cascade type. 

With regard to the equipment, there is no difference from 
the compound type. In Figure 2 (c) the controller has been 
simply decomposed into a computation section C2 (containing, 
for instance, the dynamic compensators to improve regulation 
quality) and an amplifying section A. In this way the (i.e. 
the calculated flow rates) are pointed out. For systems of few 
equations it is possible, even if it is not always easy, to write 
explicit expressions for flow rates. As soon as the number of 
equations increases, it is well known that digital techniques do 
not employ direct methods as subsequent elimination or matrix 
inversion and are using generally iterative methods on step by 
step approximation where flow rates of first approximation are 
again introduced into the algorithm in order to get a second 
approximation and so on. Therefore these methods also show 
the loop closure (this is the significance of dotted line in the 
scheme 2 c) with consequent stability problems. The need appears 
explicity, as is seen later, when analogue techniques would 
be used for the calculation. 

It seems doubtless that the use of calculated flow rate values 
instead of measured data, gives a lower control quality. The 
possible stability problems that should raise for the presence 
of computational loop, are generally easy to solve because all 
the variables are at the disposal of the designer. On the contrary, 
in the case of compound systems the feeders, being elements 
from various points of view independent for the control designer, 
are included in the loop and therefore directly affect its stability. 

However, the greater simplicity of investigation and the lower 
response time of open loop or compound systems is repaid with 
a greater number of detectors; on the contrary, the need of a 
process simulator is not of concern in the cases here examined, 
since it is reduced to quite elementary expressions. 


Statics 

Basic Diagrams and Relative Equations —Again examining 
the scheme of Figure i, the equations representing the system 
equilibrium are three, in conformity with the related regulation 
subsets. The form of equations reported here, as with all those 
considered in the present work, is referred to as static zero error 
control systems. ___ „ 

( 1 ) 
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^eni^m (1 ^m) — (1 — — Si^—CR j) (2) 

Ki, (W^„Si„+»F,A1„+w;si,+ 

= «^A(Mg^+Ca^+W;Ca, (3) 

In this schcinc the use of ore with acid gangue is supposed. 
Successively, the addition of basic materials, that in some cases 
can be considerable, is taken into account. In eqn(2) it is 
^sumed that all the sulphur takes part in the combustion. This 
is not exactly in accordance with practice. For a more detailed 
consideration of the subject, see Sironi* and Giedroyc''. 

To form the basicity index (B. A. ratio), magnesium 
has simply been added to calcium oxide. A proportionality 
factor (56/40) will be adopted, when it should be preferable to 
assume molal units. 

Since the above-mentioned equations are materialized with 
the establishment of reference nodes, equations and reference 
nodes of the system have beax signed with the same numbers. 
The function of operators S and multipliers is to prepare the 
various component terms of the above-mentioned equations, 
i. e. the signals flowing together with the reference nodes. 

For definition it follows that: 

Si«H-Al,„-l-S„-i-Fe„=l (4) 

Al,,+Sie-)-Ca<,-i-Ce=l (5) 

SiA+Mgx-i-Ca^=l ( 6 ) 

By this it is supposed that the elements are present in raw 
materials as oxides. If the case is different, left members will 
contain suitable coefficients that may be easily obtained by 
components stoichiometry. From the practical point of view of 
the applications it can be noted that x-ray emission analyser 
automatically performs an elementary analysis. Since the 


equations are based on the existence, as reference values, of 
indices ba«d by definition on oxides contents, it is supposed for 
th^ applications that the analyser output can be calibrated in 
oxide percentage. Therefore the above-mentioned stoichiometric 
coefficients may be included in instrument calibration. 

The scheme of Figure 1 is suitablefor operation with mg-r^ rinls 
whose characteristics are assumed to vary in a rather narrow 
range. For ecample eqn (2) assures for the mixture an amount 
of heat sufficient to bring to incipient fusion the irbn ore only. 
The system described in Figure 1 gives the remarkable advantage 
of avoiding any interaction among the sub-systems, since the 
three equations are in cascade. Therefore, if every one of the 
three control loops realizing the system is stable in itself, the 
whole control system will also be stable. It is obvious that 
transmission characteristic PPk/kTi will be the product (loops in 
serira) of the single characteristics. The designer is careful to 
avoid the superposition of the control subset resonances other¬ 
wise Wa final value will be reached only after an unacceptable 
hunting phenomenon. In other words, it is evident that it will 
be necessary to have the first loop faster than the second, and 
the second faster than the third. 

A more general scheme is reported in Figure 3. It will be 
noted that: 

(a) Basic components have been added to the ore. 

(b) In defining the coal ratio all the materials to be treated 
(including the additive) are taken into account. For simplicity, 
the additive is just added to the ore; a further improvement 
would be the introduction of a multiplicative coefficient, weighing 
in a different way the two materials with regard to the thermic 
requirements of the sintering. 

(c) The sulphur, removed from the ore, has been added to 
carbon by a foed multiplicative constant. Assuming as complete 
the combustion of the sulphur, this constant corresponds to the 
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combustion heat ratio S/C. In practice it will be modified to take 
into account the experimental results considered by Sironi* and 
Giedroyc’. 

(<0 The flow rate set point is referred to the whole quantity of 
sintered material instead of the ore only; since the additive and 
the coal rates are dependent on ore composition, the difference 
from the scheme of Figure 1 is substantial. 

The equations are written as follows: 

(7) 

W;(l-Ale-Si«-Ca^)+(/+li:^) ( 8 ) 

A 1 J+W;(Al^+SgH- J 
= lKt(Mg^+CaJ+W;,Ca,„+W^,Ca, (9) 

The subset coupling of Figure 1 is reported schematically in 
Figure 4 {a). The coupling, corresponding to Figure 3, is reported 



(a) 



(b) 

Figure 4. Schematic comparison of Figures 1 and 3 concerning sub-* 
system interaction 

in Figure 4 (b) and it is evident from it that new imposed con- 
ditons have caused the complete interaction of the subsets. 
Figure 5 represents a more general regulation scheme. 

The final value equations of the system are the following: 

14^(1*—Si„“Al„ — Ca„—S^)=1^2“^ (10) 

+ff^ 2)=w; [1 - 

+(/+Xc)w;.s. ( 11 ) 

^ha [ (Siffi + Ain,) + (Al^ + Si^) + Si^l + ^A1^^A2\ 

= O^Sax •+• Ca^i) + Wa 2 (Mg^2 + Ca^i) 

+ W^Csi^+WcC?i, ( 12 ) 

lF«(Si^-h Al^+CajH- FF,(Si,H-Al,+CaJ+ + W^2 = 

( 13 ) 

with the further condition: 


W^+cW,+A,W^,^a2W^2^K^.. ( 14 ) 

represents the actual production level of steel plant; in 
case of an accident, it may be controlled by the plant emergency 
system. The iron content in pig iron has been assumed as a value 
to be introduced from outside, p is a stoichiometric coefficient, 
which is equal to 112/160 in the case of ores constituted by 

FeA. 

Equation (14) introduces explicitly in the control equations 
the sinter plant productivity and assures that production is 
never higher than the limit imposed by the mentioned produc¬ 
tivity. It was therefore necessary to introduce the reference K 2 
through a device limiting this command when 0 (IF^, JVai, 
exceeds a given value. The <(> depends upon the physical 
properties of the feed materials, chiefly on grain size; eqn (14) 
expresses a suitable linearization of this constraint. It is assumed, 
on the contrary, that this constraint does not depend upon 
chemical composition of materials, though this seems only 
justified within certain limits. It would be possible to assume 
the value of ^ as reference for flow rate control in eqn (10); in 
this case the corresponding hourly pig iron rate is obviously 
not constant. 

Equation (11) has the same significance as (8). The difference 
lies in the improved balance of fuel charged in sinter plant on 
the basis of sulphur analysis in the coke. Equation (13) introduces 
a further constraint on flow rate of slag components. The small 
silicon amount retained in pig iron is not taken into account; 
i.e. it is assumed that all the silicon present in the charge com¬ 
bines in the slag. This condition, together with eqn (10), assures 
a constant iron content in sinter mix. 

For the introduction of the further constraint represented by 

(13) it is necessary to have at disposal another variable to be 
adjusted. To reduce the treatment to essential elements, this 
variable has been schematized as a second source of additive 
material, of a type complementary to the additive contained in 
the bin 1 (therefore acid additive). In practice it will correspond 
more properly to lean ore, whose flow rate will be proportioned 
in relation to the composition of the other ferrous ore. This 
statement of the problem should slightly complicate its formal 
solution because in this case a connection between eqn (10) and 
the remaining part of the system is introduced. 

The systems (10)-(13) show that the control of ore feeder 
must be considered as an independent subset, provided that 
limiting conditions, expressed in eqn (14), are not active. On the 
contrary, the controls of the three other feeders have all mutual 
possible interaction constraints. Thus it may be concluded that 
the system under examination is not more complicated than the 
system of Figure 5. The limiter during the time interval it is 
operative, changes the three loop system into a four fully 
linked system. In fact, in this case, eqn (10) is replaced by eqn (14) 
and thus, the system of Figure 5 shows, from this point of view, 
some aspects similar to the system of Figure 3. 

Further Solutions and Relative Limits —^As mentioned above, 
a more constant quality of the product may be obtained, impos¬ 
ing a greater number of "quality indices’. For example, the slag 
composition, here controlled in a limited way through 
regulation, can be characterized more completely by other 
parameters such as ma^esia index, alumina index, etc. Increas¬ 
ing the number of controlled ‘indices’, new cost elements must 
be unavoidably added to the product for the following reasons : 
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Main reference values (—^): 

.(a)K2sPig Iron flow rate (c)Kba"Basicity '^dex 

(b) Kg sFuel/raw materials ratio (d)Wi s Flow rate pf slagging material 




x-ray continuous analyser 
Flow rate transducers 


Figure 5 . Universal control system 


Adder(a*b=c) 

.>c 

Multipller(a.bsc} 


(«) It is necessary to introduce a greater number of materials 
and relative storage facilities in order to have at disposal a 
sufficient number of manipulated variables. 

(b) All the storage bins in greater number for the reason 
mentioned under (a), must be equipped with instrumentation 
and control devices. 

(c) The addition of a greater number of control loops com¬ 
plicates the dynamic study of the system, introducing difficulties 
in the design of the corrective networks and a higher rating of 
the actuators, assuming the same response time. 

id) To previous elements, affecting essentially the capital cost, 
must be added higher operation costs, due to the fact that the 
inlet materials will be subjected to more severe specifications. 
This last consideration is not surprising.if one remembers that, 
when an output variable of a plant in steady condition is forced 
to be equal to a set value, relations are imposed among the 
system variables which take away from the system a correspond¬ 
ing number of degrees of freedom. It is interesting to emphasize 
that from these obvious considerations is derived the existence 
of constraints on the composition of the materials contained in 
the storage bins. It is not essential to examine this problem’ 


quantitatively in this paper. A more detailed study of it has 
already been published elsewhere®. 

Figure 6 has been drawn from this study, referring to the 
control scheme of Figure 5. By definition 



The zones of permissible actual operation for a regulated mix 
system have been signed by (1) and (2), complementary in the 
sense that the two storage bins exchange their functions passing 
from one zone to another. To determine in every case the limits 
of possible operation zones it is sufficient to impose the con¬ 
ditions: 

where Xf is a generic element in the mixture (in per unit). 

It should be noted that values reported in Figure 6 are 
intended to be nominal values. They must be further reduced 
in order to take into account the fluctuations in chemical com¬ 
position of charged material, to be valued case by case. 
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Figure 5 . Zones of actual operation of controlled plant 


Dynamics 

Introduction —^The investigation is performed on a system 
analogous, to the system of Figure 5, 

To simplify the matter, without prejudice for the generality 
of the conclusions, the authors have assumed: 

(a) Iron ore contains only a siliceous gangue. 

(b) The system is in such operating conditions that the 
limiter does not come into operation; in these conditions the 
regulation loop for ore feeding may be considered independent 
from the rest of regulation. 

(c) Additives contain only Ca and Si. 

To simplify notations, the fuel control loop will not be taken 
into consideration. 

The characteristic elements of controlled plant dynamics are 
added, omitting for the moment the corrective networks, which 
will be suggested by the results of the dynamical analysis of the 
uncompensated system. 


On the basis of preliminary considerations, the mix process 
dynamics is not involved in the equations to be developed, 
assuming of course that feeders are not part of the process but 
are included in the control equipment. 

A time constant J, equal for all the bins, has been considered 
in order to take into account the inertia of the feeding systems 
and relative actuators. The response of the x-ray analyser has 
been represented by a time constant t. Also transport terms, 
created by the way the materials to be analysed are introduced 
in the x-ray spectrometer, are included for simplicity in this 
time constant. It is assumed that the computer has negligible 
time constants compared with those involved in controlled 
system. 

Since only systems with zero position error have been con¬ 
sidered in this paper, it will be necessary to choose type 1 con¬ 
trollers. These considerations may be examined from a more 
general point of view that will be very useful for the further 
development of the discussion. It is possible to think that control 
equipment tries to solve in an analogue way (see for example 
Jackson®) the group of equations forming the system model. 
These equations are left in implicit form and the solutions are 
forced through integrating elements. 

The following system is set up: 

Under steady-state conditions, the solutions of the above system 
will be identical to the solutions of the unknown system of 
equations to be solved: 

bj-Yia,jW,=0 

provided that the system operation is stable; it is known, in fact, 
that the asymptotic theorem of operational calculus is valid, 
if the stability is assured in another way (see for example 
Truxal^), In other words, if it is assured that the homogeneous 
solution of the system approaches asymptotically the zero, then 
the particular solution of the system, i.e. the solution of the 
algebraic equations system, will be the solution in steady con¬ 
ditions of the differential system. 



Figure 7 . Simplified control of universal type (the dynamic elements are pointed out) 
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It should be noted that in this case, the condition is accom** 
plished through the combination of analogue computer com¬ 
ponents with the physical components (feeders) which, due to 
their complexity, are best Introduced as such in the computer. 
Apart from the fact that in this way the behaviour of the model 
is more like that of the real plant, there is also the advantage 
of eliminating the local integrator in the actuators. The integrator 
has to be used, as previously explained, where the actuators are 
kept out of the solution of the system equations. 

The diagram of Figure 7 represents the system under stpdy; 
the corresponding equations are the following: 

a5a, 




Ur _TT 7 s(l+sT) 

^A1 — ^A2 -- 

(JA2 


In these equations that are still in non-linear form, V 
replaces the operator d/d/. The following obvious identity is 
applied: 

l+ST 1-1-ST 

Attention must be paid to the fact that this differential operator 
is applied in the products only to chemical compositions. As to 
, variables, only the independent pnes have been introduced in 
explicit form; thus the system already contains the conditions 
equivalent to (4), (5) and (6). 

On the basis of the above equations, the system is asymmetric, 
from a dynamic point of view, with respect to the bins 1 and 2, 
in contrast to the considerations reported in the section regard¬ 
ing the statics. In fact, in this system^ the chemical balance 
controls the flow rate of bin 1, while the physical balance controls 
the flow rate of bin 2. An exchange between them leads obviously 
to a different dynamic behaviour. 

Linearization —^The system under examination is typically 
non-linear; like most systems in industrial plants, this non¬ 
linearity depends on the fact that controlled quantities (produc¬ 
tion indices) are a bilinear combination of chemical compositions 
(intensive variables) and flow rates (extensive variables). Now, 
while disturbance may enter through composition variations, the 
manipulated variables are indeed the flow rates, i,e. the other 
quantities entering in products forming the various terms of 
bilinear combination. 

To begin an analytical study of the process it seems suitable 
to linearize the system, considering small oscillations around, 
an equilibrium point (perturbative method). 

) With the substitutions: 

X^X.+x 


assuming x as infinitesimal and limiting the approximation to 
the first order, the following linear system, corresponding to (15), 
is obtained. In this system the output variables, or rather their 
JL-transformed, are given in function of input variables (con¬ 
sidered also as //-transformed). 

-^21 + -^22^X1 +-^23'^X2 ’^^2i^^m'^^22^^AX '^^23^A2 


-^3 1 +-^33 ~-^3 iSim + ^34 ~ 

with the following coefficient values 
X + ,s(i+sT) 

A2i = —-KfrfloSiroo 

D _ ^baO ^mO 

4 — 1—-4-1'^^! I A . s(l4rsT) 

A 22 — 1 — {J^baO "T 1) ^>1X10 “I -p; -= -^220 ^ Ti ^ 

^A1 C?X1 

-^23 “ Ca ^20 “KbaO (1 “ Ca^ 2 o) 

5 ^ ^^XI 0 (i^ 5 a 0 + l) ^220 

“ l+ST 1+ST 

^31-Si„o) 

. -^230 

1+ST 1+ST 

-^32 = 1 ^24 = W^oSimO + + ^20 (1 ~ ^A2o) 

^33=1+ -4“^^^^ 

Ga 2 1+stL W^oFeJ 1+s' 


In a more compact form one may write: 


^11 0 0 



^21 ^22 ^23 

• 

Wai 

-^31 -^32 ^33 


'^A2 


Sim 


Bi4 0 0 


k 2 

SiAl 

CaA2 

+ 

0 B 24 0 

0 0 


ktc 

Wi 


Bu 0 0 

= B21 B22 B23 
0 0 


where in the second member the disturbances are separated from 
reference values. 

As mentioned in the introduction, in practice, using in the 
calculation the measured (not calculated) values of Wj, the time 
cons^t of feeding equipments is inserted in series with integra¬ 
tion required to reduce to zero the error of the analogue calculus. 
This consideration introduces under explicit form the gain value 
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in the stability conditions. In the section regarding stability, 
where the necessary and sufScient conditions are studied, it is 
seen that there is a wide range of G values for which the system 
operates satisfactorily. 

The same solutions are valid in the case of the multipole 
controller i.e. with contemporary regulation of Wai and Wa^. 
In this case the following equations are obtained: 


•^23 ~ Ca^20 ~Ca^2o) + 

G'a2 

s(l+sT) 


230 ' 


5(1 +sT) 


G' 


A2 


A'22=‘A 


220 ' 


A*2=A 


no’ 


5(1-57) Fe, 
g: P 


=^220 


G* 


A1 


+ 1^^2o (1 ~ Ca^2o)] 


A* , 5(1 + 57) P 

33 ^ p ^»o(l Sl„,o) 

^A2 


All that consists in a different definition of gains; on its 
practical consequence, reference is made to discussion in the 
stability section. 


4 i..i+£<i ±£2 

g:;i g'j 


•'X2 


Truly multipole controllers are more complicated as far as 
construction and calibration are concerned, but on the other 
hand &e introduction of more design parameters permits higher 
versatility, i.e. the possibility of introducing further conditions 
and thus improving the operation (see the section on errors). 

The previously written control equations are based on 
Figure 2 (b), after some simplification. In its most general form, 
always maintaining the first equation independent of the other 
ones, this scheme corresponds to the following system: 




•A2 


1 + 5T 




SiAl 


'1 + ST 

=5(1+s7) 


(l-pL) 

\ 1+5t/ 


VG'A G'ToJ 


m 

w. 




Si, 




(18) 


Fe, 


W, 


^1 —^ 


=5(1+57) 


1 + ST/ 


(WAi Wa2\ 

Vg:,'? 


Stability—In this section only the system of the type reported 
in Figure 7 will be considered, since these systems are particularly 
suited to a generali 2 ®d treatment of stability and design of com¬ 
pensation networks. 

1. At first an analysis of absolute stability of system under 
examination (16) is performed, using the Routh criterion. From 
this study elements of judgement can be drawn for the following 
considerations on relative stability. 

The characteristic equation of the system is: 


A(5) = 


•All 

A 21 

^31 


0 0 
A 22 A 23 
-A 32 -A 33 


—All (A22A33—-<432^423 )=0 


(19) 


The stability is assured if the equation roots have negative 
real part. It will be noted that eqn (19) splits into: 


1=0 and ^22^33 - A32A23 = 0 

that confirms the substantial independence of the pig iron 
production control loop from the two other loops. 

The first equation is expressed as: 

5^7+5+0^110=0 (20) 

Since these are considerations related to absolute stability, 
no constraint do-ives from eqn (20) to which will be limited, 
on the contrary, by considerations on relative stability. The 
second condition is equivalent to the following: 

(, s(I+sT)Y, ,5(i+»r)\ , 


In these equations the subdivision of the system, introduced in 
Figure 2, is clearly evident as process simulator, quality index 
computer and multipole controller. For example, in the second 
equation, the calculus of the two terms of ratio (numerator and 
denominator) belongs to the process simulation, the calculus 
of this ratio to the indices calculation and, finally, the solution 
of the equation to the multiple control phase. 

The realization of this system, also in the partic ular case 
G = G"aj, = 0, is more complex than the system correspond¬ 
ing to Figure 7, because, besides addition and multiplication 
operations, one needs to calculate ratios of variable terms. 

The coefficients of the linearized system are almost identical 
with those already calculated for systeih (16). The only variations 
are: 


7V+2 75^ + [7 (G^2 + G,tiA22o)+1] 5^ 

+ (Ga2 + G^iA22o) 5 + GaiGa2 (^,20 —.^ 23 ) = 0 

As confirmation of what is noted earlier in this paper, the 
conditions derived from the characteristic equation are changed 
if index 1 is exchanged with index 2, i.e, the two systems are 
inverted. 

One here has confirmation of what is mentioned in the 
introduction, i.e. that the system stability is not dependent on 
the time constant of the measuring devices. This is very important 
because this time constant—^besides being that prevailing in the 
system~-is compensated with difficulty, due to the nature of the 
signal given by the instrumentation. This fact is bound to the 
observation shown by Figure 2, that feedback in compound 
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systems is performed only through and, therefore, only T 
affects the stability considerations. 

Having fixed T and assumed, for instance, Gai = Ga^ = 
the application of the Routh or Hurwitz criterion will give a 
certain inequality set that will define the variation range of G 
within which the system is absolutely stable. In the assumption 
r — 1 sec, the G variation range results for pure additives 
0 ^G 0*67; for a maximum content of impurities in bin 1, 
it results 0 ^ (7 ^ 04. 

Therefore it appears that a decreasing purity in siliceous addi¬ 
tive causes a worsening of system stability conditions. This fact 
does not matter, at least for impurity contents found in practice. 
Thus, in the following, attention will be drawn to the operating 
conditions with pure components. Having G dimensions equal 
to sec"^, it is obvious that a reduction in system time constant 
causes an increase of maximum allowable gain in the same ratio. 
For instance, with T = 0*2 sec, G = 3*25 in the case of pure 
additives. 

Considering the equivalents of eqn (18), after linearization, 
they are identical to eqn (16), if the following substitutions are 
made: 

Q —_ ^41 _rsec"*^! 

W;,oSi„o + W:«ioSi^io + J»:i2o(l-Ca^2o)'- ■' 

Gai --- ^ -[sec-^] (21) 

^w;o(i-si„o) 

The control quality being constant, Gai and Ga^ depend, as 
seen above, on chemical compositions and not on flow rates of 
materials. Therefore, adopting the control scheme as in eqn (18), 
it is necessary that the gains follow up the quantities which are 
in the denominator of eqn (21). Supposing a constant chemical 
composition of materials, a variation of production level must 
be compensated by a corresponding variation of G*ai and 
in order to maintain the constancy of Gai and Ga^- The dimen¬ 
sions of Gy that are different from those of G*, are an indication 
of this circumstance. It must be noted, however,. that the 
denominators of (21) are as quantity ready as output of C section 
(the index computer) of the control system. It can be concluded 
lhat, from the point of view of the simplicity in the calculation 
as well as linearization, the most convenient system is the 
system (15), i.e. the scheme of Figure 7 is preferable. 

2. To investigate the relative stability and to approach the 
questions related to the compensations, the problem will be 
split into the analysis of n simple feedback systems, where n is 
the order of system (3 in this case). It is obvious that all the 
considerations valid for single loop systems can be applied to 
these systems. Yet this technique is limited to the case of controls 
that are not of multipole type. 

As mentioned above, this system piay be written as follows: 

where 1 (js) is the transfer function of controllers + actuators 
which equals Gls{\ + ^'T); W is the vector corresponding to 
manipulated variables; B is the vector set corresponding to 
external changes (variation of reference levels) and chemical 
composition disturbances; I is the unitary matrix of n order 



-4iio 

0 

0 

A = 

-421 

-4220 

-423 


-431 

-432 

4.330 


The stability depends on the position of the roots for tlie 
characteristic equation of the system: 

|//G(s)+.4|=0 

The research of eigenvalues of linear transformation defined 
by the matrix^, depends on solutions of the following equation: 

|A-AI|=0 (22) 

Therefore eigenvalues of the matrix A and roots of the 
characteristic equation of controlled system are related by the 
simple equation: 

G(s)Aj=-l (23) 

where 2^ are n in number, and in some case not distinct; in the 
case where the matrix A is asymmetric (as in this instance), i.e. 
not hermitian, they are generally complex. Of course, being real, 
the coefiBLcients of the equations appear as conjugate complex 
pairs. The form (23) corresponds to a single loop feedback 
system, and it is therefore possible to apply to it the technique 
of the Nyquist diagram or root locus, with the precaution due 
to the fact that 2^ may be complex. This is equivalent to introduc¬ 
ing into the Nyquist diagram an affined rotation. In the applica¬ 
tion of root locus, it will be sufficient to take into account the 
tricks used to trace constant phase angle loci (see Chu®). 

Equation (22) provides the following equations for the 
determination of 2 w _ i 

^^*"^(-4330 + A 220 ) -4220-4330 “"-4320-4.230 = 0 (24) 

These results will be applied to the verification of absolute 
stability, already determined above by the application of the 
Routh-Hurwitz criteria. 

The first equation of (24) gives again eqn (20). The second 
equation of (24) has been solved both for pure components 
[case (C)] and mixed components [case (A)]; the values have 
been reported in Figure 8 (u). On this figure is reported the 
inverse of the G{s) Nyquist diagram, i.e. s(l +sT) in. the 
non-compensated case (T = 1 sec). The stability comparison 
is made on the basis of (23) that, in the case of Figure 8^ 
— 2i = 1/G (s) may be written. The system is stable when the 
eigenvalues 2^ are eiiclosed by the (s) curve. 

The limit values of G found above are very well confirmed. 
In particular it can immediately be seen that case (C) shows a 
higher stability than case (A). 

The asymmetry of matrix Ay and therefore the presence of 
complex eigenvalues, leads to the consequence that second-order 
systems also* show a well-defined stability range, even if absolute 
stability is considered. In fact, the connection of the controller 
with multiloop feedback system adds to the inherent lags of ^ 
controller and actuator, a fixed phase lag; this fact is not sur¬ 
prising, since this lag does not depend (in explicit form) on 
inertia of other controllers and actuators. From; the physical 
point of view, it is clear that these phenomena arise from the 
fact that more than one controller and actuator is applied to 
the same system to be regulated. 

Figure 8 (b) represents the inverse Nyquist diagram for the 
function 2G (s)y only for case A. This diagram must be inter- 
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preted with some care. Having the tangent at the origin an 
inclination angle of 24 degrees to the negative semi-axis, it may be 
deduced, on the basis of what is known about single-loop 
systems, that for very low gains also there is a resonance in the 
attenuation-frequency characteristic; in the specific case, 
Afj, == 2*5. As a matter of fact a verification made on the common 
denominator of all the transfer functions leads easily to the 



8, = X2-^(l-SiJ 


82 —— 


WAl(l-SUl)+W^20i^i 

WA +(1 - Ca^2) 


( 25 ) 


„ _Wi W„Si„+W^, + W^2 
^~w — p - 

It is found better to define the Sj in a different manner from 
the Kg of Figure 2, as is necessary in all cases where feedback 
is not unitary. Since it is interesting to consider the operation 
of the system as regulator, it is assumed: 


^2 = fc6a=—= 0 

By linearization of (25) and the substitution of manipulated 
variables Wf by input variable (disturbances), one obtains: 

8i=Si(siJ-si„ 



82=82 (si„) ■ si„+82 (si^,) • si^i+82 (ca^a) • ca^2 ( 26 ) 

83 ~ 83 (si„) • si„,+83 (si^i) • si^i+83 (ca^a) ‘ 
where: 

® 1 ■ B = ^mO -^110 "3 

All 

^2 (sim)' B 24 = B 210 

^220 ^ (sim) + ^230 ^ (sU + ^21* (sU 

D^Aii 

(si^l) *-^24 “ 1^10 (1 + ^bao) 


conclusion that for G = w 0 there is a limit value of resonance 
lower than the above mentioned, i.e. = 1*35. From the 
physical point of view, this must be interpreted in the sense that 
both the eigenvalues of the system contribute to the determina¬ 
tion of transfer function. One of them [the one considered in 
Figure 9(b)] provides a phase lag of 66 degrees; the 
other one (complex conjugate) introduces a phase lead of 
66 degrees and therefore has a stabilizing effect. 

A confirmation of the oscillatory tendency of the second- 
order system, even for very low values of G, is provided by the 
examination of constant phase-loci reported in Figure 9, 
delimited to the phase lag mode. The tangent not horizontal to 
origin determines the maximum damping in the system. 

The considerations reported above show that the correlations 
between rise time, bandwidth, oscillation frequency, settling 
time, etc., must be applied to eqn (23) with great caution, even 
in the case when the regulators are simple type 1 systems with 
one time constant alone. 

Absolute and Relative Errors 

The following quantities are defined as errors (for the sign 
of these errors the conventions, usually used in control theory, 
are applied): 


-^220 ‘DWjii (si^i)+.«4230‘i)tv^2(si,4l) 
DA,, 



Figure 9. Stability analysis by constant phase loci 
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^2 (caA2) ‘ -^24 - ^A20 (1 + ^bao) 

•^220 •DWxi (Cft^2) + ^230 ‘-0^X2 (C^./42) 
i)*y4ij 


83(sim)--B34=B; 


310 


^ 3 i-^w„(siJ+Dw^i (siJ+Dw^a (sij 
^>•^11 


h (ca^a) -^34= -^**'^1 (c^a2)+Dwa2 (ca^a) 

D-Aii 

By analogy vvith the terminology used for servomechanisms, 
one defines as position errors or velocity errors respectively: 


8|p=limej. ej„=lim— 

S-+0 ^ 

It is easily verified that all the position errors are null. For the 
following considerations, it is interesting to examine the relative 
velocity errors, that will be expressed in the following manner: 


ei„(sij 


^luCsiJ 

■^20 




fi2t,(sy 

^baO 


e3u(sij= 


^3u (sim) 
WtolW,o 


and analogously for e'(SUi) and e'(Ca.A^, 

The complete expressions, for absolute and relative errors 
of system described by (15) are reported by de Gregorio®. For 
the relative errors, an analysis of such expressions allows the 
conclusion of: (a) the time constants of x-ray detectors are ex¬ 
plicitly involved in the determination of such errors; (b) the 
production levels and generally the extensive variables are not 
involved in the expression of errors. Substituting a scheme corre¬ 
sponding to (15) by a scheme of type (18), such a conclusion 
should not be true. Therefore, for another reason, the selection 
of (15) is proved as the most convenient. 

A principle of equipartition of velocity error is now intro¬ 
duced, i.e. it is assumed that a disturbance coming from outside 
(variations of chemical composition) has the same weight, in 
absolute value, on relative errors of all the controlled variables. 
The same weight is assumed here, but nothing changes in the 
consideration and solution of the problem, if arbitrary weights 
are introduced into the calculation. 

Using these symbols, (27) is written as: 

\^Xv (sim)| = 1^21; (s^m)| “ |^3 o (sim)| (27) 

1^20 l)| = hsi; (sixi)! 

ka(ca42)|=|8^„(ca^2)l 

Having obtained four equations containing the five unknown 
quantities G, the criterion applied here allows the expression of 
all the gains in the function of one of them. The determination 


of this last must be obtained on the basis of relative stability 
criteria, i.e. good quality of response. Of course for this de¬ 
termination it is necessary to consider explicitly a multipole 
controller, where each error acts on each manipulated variable. 
This explains why it is necessary to consider also these more 
complex systems. 

A detailed application of the above-mentioned concepts and 
the deduction of the system of equations solvmg the problem 
are given by de Gregorio®. 

Conclusions 

The conclusions of this dynamic analysis of the system are: 

1. The scheme of Figure 7 cannot be strictly defined as a ratio 
control, but it was proved that this is preferable to ratio control 
for the following reasons: (a) the process dynamics, chiefly the 
stability, results independent of production level; (b) the relative 
errors are independent of this level; and (c) the practical realiza¬ 
tion of this scheme is more simple. 

2. Time constants of the analysers do not intervene in the 
stability questions; they determine explicitly the errors. 

3. There is reason to believe that the perturbation method, 
limited to first order, here adopted to linearize the system under 
consideration, is quite justified since control characteristics for 
the examined scheme are independent of production levels and 
are only dependent, in a fairly weak way, on chemical composi¬ 
tions. 

4. The considerations developed from a modal analysis of 
the system are very suitable for a synthesis of compensating 
elements. The conclusions on stability, drawn from these con¬ 
siderations, applied both in the G(s) plane (Nyquist) and in s 
plane (constant phase angle loci) have been confirmed by the 
use of classic analytical methods. 

5. The presence of two or more regulators of type 1 involves 
the oscillatory behaviour of the system for any gain value. The 
damping decreases as the value of the gain increases. 

6. The dynamic behaviour of the system depends on the 
chemical composition of the additives; usually a decrease of 
component purity tends to worsen the stability. 

7. If the introduction of an equipartition principle in the 
distribution of relative errors is required, the application of 
multipole control systems is necessary. 

Nomenclature 

List of Symbols 

A1 Alumina (in per unit) 

C Carbon (in per unit) 

Ca Lime (in per unit) 
f Constant defined in paper 
Fe Iron (in per unit) 

Ki Iron flow rate set point (Kg/sec) 

Kit Solid materials flow rate set point (Kg/sec) 

Kz Pig iron production set point (Kg/sec) 

Kba Basicity index — (Ca -f Mg) / (Si + Al) 

Kc Fuel index 
Kcm Fuel/ore ratio 

Maximum plant production capacity 
p Iron contained in oxide (in per unit) 

Mg Magnesia (in per unit) 

S Sulphur (in per unit) 

Si Silica (in per unit) 

W Flow rates (Kg/sec) 
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List of Suffixes 

A Additives 

c Fuel in sinter plant 

g Pig iron 

/ Slag components 

m Iron ore 
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DISCUSSION 


Author’s Opening Remarks 

Some considerations are perhaps in order for a better illustration of 
the scope of the present paper. 

We are faced with the problem of the control of the chemical 
characteristics for the mixture in a sinter plant. We made a fairly broad 
examination in order to lay down the many aspects involved in the 
problem. We were also concerned in a mathematical analysis of the 
subject limiting such an analysis explicitly to one of the many potential 
types of control systems we could envisage. This choice was done 
purposely. In fact, this study was intended as the basis for part of an 
experimental research to be developed on a 350 tons/day plant by the 
most important research institute operating in Italy in the iron and 
steel area. There are many advantages in adopting a control method 
of this particular kind in a research job. This scheme offers the best 
results, the tightest form of control on the product. Through this strict 
control on the composition of the input material it is possible to study 
under the best experimental conditions the other aspects of the integral 
automation of the plant, i.e. humidification, combustion control, and 
so on. In other words, a good quality in the control of this subset of 
the plant will heavily condition the research in the other areas. Among 
theserelated areas we were mainly interested in the permeability control, 
already examined in a previously presented paper as an application of 
self-optimizing controls. 

Operating the plant in this way allows the acquisition of a detailed 
knowledge of the statistics involved in the distribution of chemical 
composition of the input materials. Such a knowledge is important to 
define the speed of response of the master control loop. Another point 
of interest in this analysis on statistics of raw materials is the better 
assessment obtained of the need and size of the dry mixer. As a matter 
of fact this component has to cope with the high-frequency region of 
the noise spectrum. The control must be relieved from such a duty 
because extending the frequency range adds to the complication of the 
compensation networks for such non-linear and multipole controllers 
and because the rotating feeders are a very poor form of actuation. 

In order to get these excellent results we have to spend a maximum 
on the instrumentation. Apart from the analyser placed at the end of 
the process for monitoring the final results, we need as many analysers 
as the number of the bins. In the examples illustrated in the paper such 
a number was limited to three or four for ease of analytical develop¬ 
ments but if, for better operation of the plant, it would appear advis¬ 
able to add some other indices (alumina, magnesia), or other limita¬ 
tions (mass flow, Cu), the bin numbers have to be increased. More¬ 
over, for practical reasons of plant operation (stock demand) there 
are normally more bins than material streams and that means a larger 
number of heads, if not analysers, than are strictly needed for the 
control of the plant. These are serious drawbacks for the generalization 
of the scheme analysed in detail in the paper. Therefore, it is advisable 
to consider the alternative having the minimum in the instrumentation 


cost and consequently less control quality, that is, a pure closed loop 
control with only one analyser at the end of the process, of continuous 
type or even of laboratory type (sampling control). The paper present¬ 
ed by Mr. Phillips clearly indicates that this solution is the one adopted 
for blending in the cement area. This solution stresses tjie importance 
of the considerations of transport delays that here are affecting directly 
the stability and quality of the control. 

Again some consideration is pertinent on the dry mixers. Their 
contribution to the total delay has to be reduced to the minimum, 
although it is easy to understand that their capacity in this instance 
tends to go up. In fact, the permissible control frequency range in the 
loop has to be decreased for stability reasons and therefore the control 
system cannot cope with the high-frequency region of the noise spec¬ 
trum. If the most significant delay is represented by the transport delay 
of the main stream, the analytical considerations of the present paper 
are comprehensive for this case also; the transfer functions of the 
actuators have just to be substituted by the delay of the materials 
transfer (equivedent time constant, Pad6 polynomials approximation 
or pure delay). 

In between these possibilities other intermediate types of control 
are feasible, three of which seem promising: 

(а) In order to reduce the cost of the instrumentation in the control 
system considered in the paper, it is conceivable to adopt a measuring 
equipment with as many heads as the number of bins plus one at the 
output for checking the validity of the model with one centralized 
electronic control cabinet. This means the adoption of a sampled 
control. 7he mathematical analysis of the problem is dependent on the 
characteristics of the noise. In fact, the scanning speed is related to the 
time constant of the x-ray analyser that varies in turn with the physical 
nature of the material presented to the instrument. 

(б) In order to reduce the process transport delay in the closed loop 
type of control, it is possible to measure the mixture as soon as blended, 
possibly before the dry mixer. If the delay in the different sources is 
not the same, the more generalized formulation at the end of this paper 
can be used for the analysis. 

(c) In introducing the third alternative I would like to briefly recall 
what happened years ago in the area of the automatic gauge control 
in the steel mills. It was then possible to eliminate the gauge instru¬ 
mentation at each stand (again x-ray instruments) through the use of 
an indirect type of measuring equipment using strain gauges assisted 
continuously by a supervising calibration from the gauge instrument 
located at the output of the process. 

By analogy to our case the local bin monitors can be calibrated 
through a laboratory x-ray gauge, in order to further reduce the 
instrumentation cost. This collaboration from an x.-ray analyser may 
allow the use of local devices based on properties related to chemical 
composition such as gravity, magnetic properties, and so on. 

It was the firm intention of the authors to show here the results 
derived from the experimental work on the actual plant in order to 
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substantiate the methods outlined in the paper and to give some indi¬ 
cation for further progress in the direction outlined above. Unfortu¬ 
nately external diflSculties have caused a substantial delay in the be¬ 
ginning of the experimental work. Meanwhile we hope it is worth 
while to show in a very brief manner how the mathematical analysis 
can be extended to coyer the most general type of plant. In order to 
get reasonable expressions and to simplify the various manipulations, 
we adopted here a matrix-tensor formulation that seems to be used 
more and more widely today in the literature covering the multipole 
systems. The fairly lengthy notations used in the paper were written 
to follow the formalism used in the technology of this area, but for 
detailed studies on control, they become quite cumbersome. 

The physical grounds to the formalism may be seen in Figure A» 
It covers both types of control, compound (with the help of the model) 
and closed loop. They appear in parallel on the diagram. 

The meaning of the symbols is as follows: 

i index for set points, actual quality indices, difference signals 
(from lion) 

J index for manipulated variables (from 1 to in our par¬ 
ticular case) 

k index for chemical compositions (from 1 to m) 
t index for mixed output materials 
l^jk]nm matrix,with n rows and m columns 
I Ajje 1 determinant of the above defined matrix 

vector with/I rows ^ 

Dni ) diagonal matrix of n order > 

In the linearized equations, capital letters are used for steady state 
values and lower case letters for the variations from steady state. Apart 
from the delay t affecting the chemical compositions, we further con¬ 
sidered the delay jr affecting the mass flow. The symbols ♦ were used 
for measurement delays to distinguish them from the transport delays. 
In general ttj = Ratio control is described by eqn (18) in the 
paper: pseudo-ratio is illustrated in Figure 7. The interacting controUer 
here adopted foUows the scheme given in Figure JB for the case « = 2. 
The mam expressions of the paper can be generalized as follows: 

Quality Indexes 
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j" Oii+aJ+a^ =£i 7 j.f 27 . flsT 
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M.G.Shortland, BJS,M.A., 140y Battersea Park Roady LondoHy 
S.W.ll 

This paper gives an unusually comprehensive treatment of the factors 
influencing the way in which the sinter components should be mixed 
to maintain an adequate level of plant stability and a high level of blast 
furnace performance. At B.I.S.R.A. we are currently studying some 
of the important effects which are considered; for example, sinter 
quality relative to the variation in chemical composition of the mix 
prior to charging on to the sinter strand, and the maximization of sinter 
production in the face of random disturbances in physical properties 
of the mix including its porosity which is highly dependent on moisture 
content. Regarding chemical analysis I would like to ask: (1) Axe the 
x-ray fluorescence analysers which play an important role in the control 
schemes described truly continuous, or do they rely on a sampling 
procedure? ( 2 ) Are such analysers in operation at any plant with which 
the authors are familiar (e.g. at Terni)? (3) What do the authors con¬ 
clude about the problem of estimating true or average chemical com¬ 
position from the analyser output, bearing in mind the possibility of 
large random disturbances occurring in component analysis during 
the period of a measurements? Measurements made on a sinter plant 
in England have shown very large variations in composition. 

The authors draw attention to the existence of noise on many of 
the signals feeding the control schemes proposed. Have any measure¬ 
ments been made on a production plant which enable estimates to be 
made of the influence of noise on control performance in terms of 
accuracy and overall system stability? 

J. I. Bradford, Jones and Laughlin Steel Corp.y Pittsburgh, Pennsyl¬ 
vania, U.S.A, 

In our studies of the sintering process, greater economic benefits are 
indicated if we could continuously measure the moisture content of 
the incoming coke and adjust the rate 6 f flow to keep the fuel content 
constant: and also to measure continuously the moisture in the mix 
ahead of the furnace and regulate it to a constant value. These would 
result in both a coke saving and an increase in machine output, but 
require sensors for determining the moisture content of the coke and 
the mix. Do the authors agree and do they know if such sensors and 
approach have been applied? 

W. G. Wright, Canadian General Electric Company, Ontario, Canada 

Some years ago when considering the problems of applying automatic 
control to a sinter plant, we came to the conclusion that it might be 
necessary to provide v^lable speed conveyors in order to eliminate 
the transport delay. In addition we visualized the use of a variable 
speed sinter machine operating under the control of a burn-through 
calculator. Unfortunately we did not implement these ideas. Conse¬ 
quently we would like to ask the authors if, in view of their more recent 
experience, they consider these steps necessary. 
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G. SiRONi, in reply 

The paper illustrates a project only and in consequence, certain prac¬ 
tical problems were not faced. For example, we agree with Mr. Short- 
land about the importance of the problems relating to the moisture of 
the mixture, permeability and so on, but evidently by this paper we 
have had no intention of facing the problem of the complete control 
Of the sintering process but only, on the basis of a mathematical model, 
to determine and control the chemical composition of the sinter. In 
consequence, certain problems, such as the optimum control of the 
moisture by measurement of the permeability, or in reference to the 
speed of the travelling grate automatically regulated, were separately 
studied by the Institute Finsider^» I 

Considering the problems of the measures, it should be pointed out 
that the mathematical model of the transfer of the raw materials re¬ 
ferred to a particularsmallDwightLloydplantat theTerni Works.This 
plant was available for a long period of the year because of its dis¬ 
continuous operation, nevertheless it required very expensive work to 


improve the installed instrumentation and for new instruments, A 
short time after, the Italsider launched its plan for new big sinter plants 
which were very well instrumented and partially automated. On these 
new plants, in fact, we plan to test new kinds of instruments and the 
performance of an x-ray analyser. 

All that is necessary for the practical realization of the project is 
described in this paper. 
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Summary 

The use of oxygen in open-hearth steel making has opened a possibility 
for considerable reduction in the length of the melting period. Under 
this new condition the throughput of an open-hearth plant is limited 
mainly by auxiliary equipment servicing several furnaces forming a 
complex interconnected system. Orthodox planning of operations for 
the whole plant causes considerable time losses due to ineflScient use 
of equipment facilities. 

This presents a new method of open-hearth plant optimization 
based on continuous operational planning and thermal dynamic plan¬ 
ning. Specific features of the problem are shown to be the existence of 
nodes in the optimal phase trajectory. An economic index representing 
the difference between the gain due to increased throughput and the 
control cost over a sufficiently long period is suggested as a perform¬ 
ance criterion. 

Logical differential equations describing the process of steel 
melting are developed, based on the analysis of optimd direction at the 
nodes on normal operating conditions. The choice of optimal direction 
at the nodes is effected by sequential comparison of different control 
actions. Increase in productivity with the increase of the number of 
compared alternatives for homogeneous tree-like processes is evaluated. 

Technical solution of the problem is suggested in the design of a 
computer control system which automatically processes the informa¬ 
tion relating to the actual state of melting and available auxiliary equip¬ 
ment capacities. On the basis of this analysis it instructs the operators 
and provides setting for automatic devices which regulate the melting 
processes so as to maximize the utilization of equipment facilities. 
Technical requirements for the computer to be used in dynamic plan¬ 
ning are formulated. 

Sommaire 

En aci^rie, I’insuflation d’oxyg^ne dans les fours sole a permis de 
r^duire consid^rablement la dur6e de la fusion. II en r6sulte que la 
production d’un four k sole est limits le plus souvent par I’^quipement 
auxiliaire assurant le chargement de plusieurs fours interconnect^s au 
sein d*un complexe. Dans un tel complexe, la planification seloh les 
m6thodes classiques de Pensemble des operations conduit k une perte 
de temps considerable par suite d’une utilisation peu rationnelle de la 
capacite de fequipement auxiliaire. 

La presente communication se rapporte k une nouvelle methode 
d’optimalisation d’un ensemble de fours k sole fondee coiyointement 
sur une planification continue des op6rations et sur une planification 
thermique dynamique. On y montre que la caracteristique speci- 
fique du probldme reside dans I’existence de noeuds sur la trajec- 
toire de phase optimale. On suggere d’adopter, k titre d’indice de 
performance, un critere econoihique representant la difference entre 
le gain resultant de I’accroissement de production et la depense 
occasionnee, durant une periode suffisamment longue, par Tappa- 
reiilage de commande. 

On etablit, k partir de la determination de la direction optimale 
aux noeuds des diagrammes representant les conditions normales de 
fonctionnement, les equations differentielles logiques qui representent 
le processus de la fusion de I’acier. Aux noeuds, le chobc de la direction 
optimale est dicte par la comparaison sequentielle de diverses actions 
de commande. On evaJue Taccroissement de productivite resultant de 
I’accroissement du nombre d’alternatives comparees pour le cas d’un 
processus homogene de type arborescent. 

On suggere, pour rdsoudre techniquement le probieme, de conce- 


voir une commande k I’aide d’une calculatrice qui traiterait automa- 
tiquement les informations relatives k Petat instantane du processus de 
fusion et celles se rapportant aux capacites respectives des installa¬ 
tions auxiliaires. Sur la base du resultat de ce traitement, la calculatrice 
eiaborerait des instructions k Tusage des operateurs et des ordres 
destines aux dispositifs automatiques qui reglent le processus de 
fusion, instructions et ordres qui auraient pourbfifet de maximaliser 
I’utilisation des installations auxiliaires. On formule enfin les exigences 
techniques que devrait satisfaire cette calculatrice pour pouvoir etre 
engagee dans une telle planification dynamique. 

Ziisammenfassung 

Die Verwendung von Sauerstofif bei der Stahlgewinnung im Siemens- 
Martin-Ofen ermbglichte eine betrSchtliche Verkfirzung der Schmelz- 
zeit. Unter diesen neuen Voraussetzungen ist der Durchsatz bei Sie- 
mens-Martin-Ofen vor alien Dingen durch die Hilfseinrichtungen, die 
mehrere Ofen bedienen und dadurch ein komplexes vermaschtes 
System bilden, begrenzt. Die Betriebsplanung im alten Stil verursacht 
durch unwirtschaftliche Ausnutzung der Betriebseinrichtungen be- 
tr^chtliche Verlustzeiten. 

Ein neues Verfahren zur Optimierung von Siemens-Martin-Werken 
wird vorgelegt, das auf einer kontinuierlichen Betriebsplanung xmd der 
Planung des dynamischen WSrmeablaufes basiert. Wie sich zeigt, bil¬ 
den die in der Phasenebene vorhandenen Knotenpunkte der optimalen 
Trajektorie eine besondere Eigenschaft des Problems. Als GiitemaB- 
stab wird ein Whrtschaftlichkeitsindex vorgeschlagen, der den Unter- 
schied zwischen dem gesteigerten Durchsatz und den Steuerungs- 
kosten fiber eine genfigend lange Zeit vergleicht. 

Differentialgleichungen, die auch den logischen Zusammenhang 
berticksichtigen, werden zur Beschreibung des Schmelzvorganges ent- 
wickelt, die auf einer Untersuchung der gunstigsten Richtung unter 
normalen Betriebsbedingungen am Knotenpunkt beruhen. Die Wahl 
der gunstigsten Richtung an den Knotenpimkten geschieht durch einen 
schrittweisen Vergleich verschiedener Steuereingriflfe. Die Produktivi- 
tatszunahme ffir homogene sich verzweigende Prozesse wird bei wach- 
sender Zahl der Vergleichsmdglichkeiten untersucht. 

Zur technischen Lfisung des Problems wird eine Regelung durch 
einen Rechner vorgeschlagen, der die Informationen fiber den je- 
weiligen Stand der Schmelze und fiber die verffigbaren Hilfseinrichtun¬ 
gen automatisch verarbeitet. Auf Grund dieser Untersuchungen gibt 
der Rechner dem Bediemmgspersonal Anweisungen und sorgt fur eine 
automatische Einstellung der Regelungseinrichtungen des Schmelz- 
prozesses, um den Nutzungsgrad der Hilfseinrichtungen maximal zu 
machen. Die notwendigen technischen Eigenschaften eines Rechners 
zur dynamischen Planung sind angegeben. 


Introduction 

The output of an open-hearth steel-making plant depends, in the 
first place, on the output of individual furnaces. However, the 
practice in works recently showed that the duration of the 
melting operation could be reduced, considerably as a result 
of the use of oxygen. Under these conditions the output of the 
plant is limited only by auxiliary equipment. 
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The operation of different furnaces of the plant is inter¬ 
connected since they use the same machines and interchangeable 
equipment, and also because they are served by the same 
subsidiary works’ departments and means of transport. AU that 
is needed in connection with the running of furnaces is therefore 
conditionally described as ‘auxiliary*. 

All auxiliaries are usually designed for a capacity margin 
of 15-30 per cent, which when trying to force melting rate is 
very often shown to be inadequate. In conventional progr ammin g 
the interconnected operation of furnaces causes frequent 
organizational delays in melting, which results in peak require¬ 
ments exceeding the capacity of auxiliaries. 

. The capacity of some auxiliaries can be increased relatively 
easily, but for the majority of them, for the increase required, 
it woidd necessitate a complex reconstruction of the plant 
involving the spending of large sums of money. 

Since the operation of furnaces depends on a large number 
of factors, which change according to random laws, the 
opti mum operation of the whole plant can be obtained only by 
continuous operational programming, which may be called 
‘d 3 mamic* programming. 

The technical problem of dynamic progr amm ing for the oper¬ 
ation of an open-hearth steel-making plant can be solved by 
constructing a system with a computer capable, on the basis of 
automatic processing of information concerning the progress of 
melting and available capacities, of evaluating the volume of 
work which could be done and, accordingly, of giving commands 
to fumacemen and automatic equipment, responsible for the 
control of the melting operation, so that the maximu m use could 
be made of auxiliaries. 

Theoretically, this problem may be considered as one of the 
tasks of dynamic programming, the fundamentals of which are 
explained in the works of L. S. Pontryagin, R. Bellman and 
others. As is shown below, the presence of nodes in the optimum 
phase trajectory is the main feature of the given problem. The 
economic index, which represents the difference between the 
value of increased production and the expenditure on automatic 
control for a sufficiently long interval of time, is chosen as the 
economic criterion for the quality of control. The term ‘expend¬ 
iture on control’ denotes the variable portion of operational 
costs for the automated part of production, which is conditioned 
by the necessary change of technology embodied in the process 
of automatic control. 

On the basis of analysis of the operation of works^ furnaces 
under actual operating conditions, logical differential equations 
were constructed for the progress of the melting operation. The 


choice of the optimum direction at the nodes is obtained by the 
subsequent comparison of different variants of the automatic 
control for the process. An assessment is made of the increase 
in output, when the number of comparable variants for 
homogeneous node processes is increased. 

Organizational Conditions for the Operation of Furnaces 

The melting of steel in open-hearth furnaces is essentially 
a cyclic process, which consists of successive technological 
periods during which certain auxiliaries are engaged. On a 
modem, open-hearth steel-making plant there are up to 12 
furnaces. A typical general layout of equipment at a plant is 
shomimFigure L Similar mechanisms move alongpast anumber 
of furnaces on the same rail track; thus, their relative disposition 
is shown to be subordinated to ground connection. Mechanisms 
used for different purposes are not subject to the interchanges 
of position. The essential auxiliaries for the programming 
of the operation of furnaces are the charging machines, casting 
cranes, ladle cars, teeming cranes and casting bays. 

The manoeuvrability of machines along furnace runways 
is unlimited, so that all the working machines and the inter¬ 
changeable equipment may be used. In the teeming bay the 
mobility of crane equipment is limited; therefore, the operations 
in it are not always determined by the total number of the 
mechanisms available. The effect of the possible idleness of 
some teeming cranes caused by those currently in use should 
be taken into account. 

Every open-hearth plant has its own peculiarities; therefore, 
the mathematical description should be made for the specific 
plant. Thus, for example, on some plants the bunkers for-the 
charging of furnaces are not installed on the furnace floor, 
and during the entire period use is made of the casting 
crane, which increases the engagement of the latter; for the 
charging of the furnace on other plants two machines are used 
for the same furnace, and so on. 

So far as the control of the melting operation is concerned 
its periods consist of controlled and uncontrolled periods; but 
so far as the possibility of freeing the auxiliaries on one furnace 
so that they could be transferred to another furnace is concerned, 
the periods of the melting operation consist of intermittent and 
continuous periods. In the &st approximation it is considered 
here that the durations of the latter periods of the melting 
operation are independent of those of the former periods, since 
in further considerations this condition is not of material 
importance. 



Figure 1, Sketch illustrating the general layout of an open-hearth steeUmaking plant 


Pi: 12/urnaces • 

PPl: 4 casting baySf Nos* 

JWri.* 7 casting cranes^ hfos* 1—7 
ZK\i 4 teeming cranes^ Nos* 1-4 
ZMl: 6 charging machines^ Nos* 1-6 
Ml: 4 fettling machines. Nos. 1-4 


1: casting rails 
2: slag rails 
3: furnace charge rails 
4: charging machine rails 
5: ladle car rails 
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In future, the existence of some relationship between the 
durations of individual periods of melting may help to improve 
the programming. It is assumed also that in the course of each 
period of the melting operation a certain amount of subsidiary 
work is carried out. 

The conditional graph for the melting operation, which 
consists of the time periods used for the carrying out of such 
work, with the furnace being served by all the auxiliaries, may 
be termed the ‘condensed’ graph. 

By virtue of the effect of a large number of random factors, 
the durations of periods of the condensed graph, strictly speak¬ 
ing, represent random quantities and cannot be calculated 
beforehand with the necessary degree of accuracy. Therefore, 
the values for the assumed durations of the periods of the 
condensed graph should be systematically corrected. 


The technical and economic criterion of programming, which 
makes possible the comparisons of different variants of the 
progress of the melting operations in furnaces, should serve as 
the basis for the choice of the optimum graph for the progress 
of the melting operations. 

This criterion which takes into account the expenditure on 
automatic control is determined by the scalar product: 

here c = c(ci,..., Q is the output of the zth furnace; 
f((p) is the piecewise constant coefficient which depends on the 
period of the melting operation and on individual characteristics 
of furnaces; w = ..., Wn), Wi are the rates of melting 

operations according to the condensed graph which take into 
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Figure 2. Diagram iliustrating the employment of auxiliary capacities at different periods of melting 


The volume of work actually carried out on the ith 
furnace from the beginning of taking the readings to the instant 
of time t, represents the basic coordinate, which determines the 
progress of the melting operation in the furnace. The state of 
a plant which consists of furnaces is described by the values 
of ‘/i’ coordinates ^g, which may be considered as 

the components of vector^ of the state of the melting operations 
on the plant. 

As an example, the engagement of the most essential 
auxiliaries at different periods of time is shown diagrammatically 
on the condensed graph for the melting operation (Figure 2). 
The functions hi show how many units of / auxiliary are required 
at different periods of the melting operation. These functions, 
in the^ simplest case, take the values of only 0 or 1. For their 
assignment it is necessary only to indicate the durations of 
periods of engagement or the instants of time of their tennina- 
tion (with the known beginning of readings). In the first approx¬ 
imation it is considered here that the durations of periods of 
the condensed graph are assigned on the basis of mean statistical 
data. The more precise data regarding the durations of the 
periods may be obtained by using the results of the preceding 
melting operations and by taking into account the current 
information regarding the state of the furnace and the quality 
of the materials being used. 


account the provision for the general forcing of the progress of 
melting for all the furnaces; and 0 =(p(<pi, are the 

actual rates of melting operations which take into account the 
delays caused by the separation of furnaces. 

For the ease of planning of the progress of melting oi^rations 
it is possible to consider that the processes in furnaces are 
intermittent in character, i.e., their rates may assume the values 
of only 0 or 1. This procedure, which follows from the analysis 
of phase trajectories, may be applied only in the programming of 
the durations of periods and for the calculation of the mean 
rates. But the actual process should proceed as uniformly as 
possible in accordance with the mean rates found in programm¬ 
ing. Otherwise, large fluctuations in the rate of the process would 
lead to a strong increase in the cost of automatic control, which 
would then no longer be taken into account by formula (1), 
which is applicable only within a small range of rates. By 
the interruption of operations, in future, if not specially stipu¬ 
lated, only the corresponding increase in the duration required 
for their completion will be understood. 

In order to indicate the inadmissibility of delays during 
continuous operations, multiply the right side of expression (1) 
by the function 


(2) 

Jo t=i J L'^'i 
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where symbol / denotes the step function of the following form: 

/(»)-* ( 3 ) 

Is the function which is eQuul to 1 for the continuous 
operations und to 0 for intermittent operations. 

Then, if any (pi during the continuous operation becomes 
less than Wj the integral will have a negative value and the entire 
expression (2) will transform to zero. The criterion also trans¬ 
form to zero, thus indicating the inadmissibility of delay 
during the progress of a continuous operation. 

Finally, the technical and economic criterion has the form- 
Q = 


The continuous determination of the optimum controlline 
actions in the process of automatic control is the of 

dynamic programming. In the given case this is the determina- 
tion of the maximum loading and the finding of the optimum 
distribution of auxiliaries, in the process of control of the 
work on an open-hearth furnace plant. 

TTie qualitative analysis of the working of the furnace and 
rasting bays makes possible the construction of a system of 
d^erential equations for the operation of furnaces. The right 
side of each one of the equations represents a function, whfch 
depends on the volume of work completed at a given instant of 
toe and on the availability of the auxiliaries for the furnace. 
Each one of these functions is constructed in such a way that it 
rj ^1 r<?» 1 ) teaiMfoims to zero, if on a given furnace there is a lack of 

U 0 ^ J \Z\ ~Pi((Pi) dt f transforms to w,. if the furnace at any given 

J-Ju-iLt J J IS served normally by auxiliaries. 


(4) 

The Problem of Dynamic Programming 

For automatic control it is essential to have information 
regarding the volume of work for each of the furnaces, and 
also information regarding the expected functions hi for the 
engagement of the auxiliaries. The finding of the latter can be 
made by the prediction of the condensed graph on the basis of 
the a posteriori distribution of the periods of duration. In this 
way the last experience of the operation of the furnace is taken 
into account. This problem may be solved by the known methods 
of extrapolation of random sequences. Since the subsequent 
programming does not change the condensed graph, then 
its extrapolation may be considered as a problem independent 
of the programming problem. 

In the first approximation it is possible to be guided by 
mathematical expectations for the duration periods of the 
melting operation. In the second approximation it is necessary 
to take into account the effect of the elapsed duration periods 
on the subsequent duration periods. For this it is necessary to 
have the information regarding the instants of time for the 
beginning and the end of expired periods, which will be received 
from the corresponding monitors. On the basis of this same 
information, by the method of extrapolation, the current 
vdues of <pi will also be calculated, as the initial conditions for 
programming. In the first stage it is assumed that there is a 
limitation to the calculation only of rate (p^y averaged out 
according to the current periods. 


* Eqn (5): 


Eqn (5) 


Under which conditions: 


... +Zi „^kt 

1=1,2,...,e; &=l,2,...,n (jj 

here: is the ‘charging function’ (equal to 1 during the 

charging period and equal to 0 during the rest of the time)' 
w* IS the instantaneous output of the *th furnace. A,, k fm) is the 
engagement function of the auxiliary of the i type on the 1th 
umaro, Zi, k is the, number of units of auxiliaries of the / tyne 
tra^erred to the Ath furnace, n is the number of fuma^ 
and « is the number of types of the auxiliaries. 

For the furnace runway coefficients remain constant 
durmg the entire operation, but for the casting bay coefficients 

k^ corresponding to the casting capacities, change and are 
calculated as the number of free auxiliaries, idling between two 
neighbourmg positibns. Here p and q are indices of the casting 
capacities. 

■ae system of diflerential equations (5) together with the 
constraints (6) and the criterion for the quality of programming 
(4) give an approximate mathematical description of the organh 
rational conditions of operation of furnaces on an open- 
hearth plant. 

Wittout considering, for the present, the method itself for 
d^aimc optimum programming for the distribution of capac¬ 
ities, the basic problem is formulated as follows: 


J n r 


152 


||' 




DYNAMIC PLANNING FOR AN OPEN-HEARTH STEEL-MAKING PLANT 


Given the known initial values of variables and given 

the previously calculated engagement functions g{k(<p) and 
hi,ii(p) it is necessary to find the distribution of the auxiliaries 
so that the expected value of criterion ( 4 ) attains a mavimnm 

In addition to this basic problem for the automatic dispatch 
control it is necessary to calculate beforehand the engagement 
functions, and after the solution of the basic problem to allocate 
the auxiliary capacities of each type to individual furnaces. 
In the first stage only the basic problem will be solved by the 
computer. The engagement function will be fixed on the basis 
of the mean statistical data, but the actual distribution of 
capacities will be made by the operators of sections in accordance 
with the calculated matrix of distribution || Zj, ^ ||. 

The essence of the developed algorithm consists of the 
following; 

The initial values to variables^, are assigned, which (values) 
correspond to the actual state of operations on the plant, and 
some permissible distribution of capacities are chosen, 
•Zj. = 1 , ..., c; ^ = !,...«), i.e. a distribution which 
satisfies condition ( 6 ). Under these conditions, generally speaking, 
a numter of furnaces will ‘run’, and a number of them will 
‘stand idle’. System (5) is integrated up to that instant of time 
when the current period on any of the running furnaces is 
terminated. (The integration of the right sides in a piecewise con¬ 
stant form is carried out very simply.) Then, having selected 
a new permissible distribution, the integration of the system, 
etc., is continued. This gives the possibility of extrapolating for 
the operation of the plant according to assigned initial conditions 
for some succession of distributions, Z^, (n) (« = 1,2,..., N), 
where n is the number of the integration steps. By aggjgning 
various possible successions of distributions and by evaluating 
the efliciency of operation of the plant by formula ( 4 ), where the 
intepition spreads over N steps of the process, the most 
efScient sequence Z*<, (n) is selected. However, there is no 
sense in completely realizing this sequence, since the conditions 
of the plant may change and this solution may prove to be 
unworkable. It is suflScient to extract as the co mmand for execu¬ 
tion only the first step of this process, i.e. the distribution 

k (!)• The next distribution is already better determined for 
the next step by programming on the basis of the precise 
initial data, etc. 

The consideration of the equivalence of mechanisms of the 
same type makes it possible for the distribution to be limited by 
those mechanisms which resulted in unfavourable coincidence. 


created for the doubling of the quantity of the auxiliary capaci¬ 
ties. In a case when the same auxiliaries are required for two 
furnaces, the indicated rectangles correspond to the situations 
in which one of the furnaces is bound to stand idle in order to 
give priority to the other furnace. These regions are shaded on 
Figure 3. In other situations both furnaces may be ‘running’. 



Figure 3. Phase plane 



Figure 4. Phase diagram for the separation of furnaces 


An arbitrary point A is taken and the porsible variants of 
motion of the describing point are considered, for which maxi¬ 
mum instantaneous output of the pair of furnaces is reached, i.e. 

max(ci(; 9 i •4-0292)2 


The Analysis; of Phase Trajectories 

In the study of the dynamics of programming for the oper¬ 
ation of a plant in the phase space of variables 91 , ..., 9 « one 
should limit oneself to the case of two furnaces, which makes 
possible the consideration on a phase plane {Figure i). 

On the axes of coordinates the volumes of work done in 
the first and second furnace are plotted. A definite band on the 
phase plane corresponds to each melting period. Thus, the plane 
reflects the condensed diagram of the melting operation. 

As a result of the periodicity of the condensed melting 
operation, the network of periods on the phase plane repeats 
itself periodically along each axis. At the intersection of 
the bands corresponding to those periods, for which the same 
type of auxiliaries is required, rectangles are formed, which 
correspond to such states of the plant, for which a necessity is 


If the describing point is found outside the shaded zone the 
furnaces are fully provided for and they will operate at maximum 
rates Wi and ivg. Under these conditions d 92 /d 9 i = tan = 
'T’he levels of equal volume of production intersect with 
the maximum rate and the output of the pair of furnaces is 
equal to Cj + 02 ^ 2 * 

In passing the barriers (of the shaded regions) the picture 
changes. One of the furnaces is bound to stand idle whilst the 
other may run at full rate, Wi or Wg* The phase trajectory is 
shown to consist of straight line segments parallel to the 
axes of coordinates, and the maximum instantaneous output 
for these segments is equal to either or CgWa- 

If the given operation is continuous, for example, on the first 
furnace, then the passage through the barrier along trajectory 2 
{Figure 4) is not permissible, since the latter corresponds to the 
stoppage of the fost furnace during the completion of the period 
considered. 
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In view of the linearity of the chosen criterion regarding the 
rates of melting, its increment does not depend on the transfer 
path if the initial and final points of the phase trajectories 
coincide in pairs; and this is what gives the possibility of 
representing the process as an intermittent one, which facilitates 
the solution of the problem of programming. The final result 
by means of interpolation is obtained in the form of a con¬ 
tinuous graph. 

Evaluation of the Efficiency of Programming for a Homogeneous 
Node Process 

The presence of the nodes in the optimum phase trajectory 
does not allow the solution by the known variational methods. 
The choice of the most suitable directions at the nodes repre¬ 
sent the most difficult problem in the given case. The locally 
optimal trajectory represents a node process which is shown 
diagrammatically in Figure 5. 



number /I required for the realization of the given efficiency is 
of practical importance. It is better to speak about the 
determination of the number of comparable variants N, which 
when the random process is stationary is directly connected 
with K. From the value of N it is possible to assess the time 
required for analysis at the nodes using computers. 

In the description of the computation method for the con¬ 
vergence of the process of almost optimum solution, the case 
of the stationary process, which is the most important from a 
practical point of view, is considered. 

It is assumed that at all the nodes the number of branches 
is the same, equal to m, which shall be called the node order of 
the node process and F(pc) the distribution function for the in¬ 
crement in functional fi, obtained for one step along any of the 
directions, and Wix) =» F\x) the corresponding distribution 
density. The distribution function of the increment in Q after it 
steps shall be denoted by if after the first arbitrary 

step a path is selected, which gives the maximum increment 
after the remaining k—\ step. 

The distribution function for the maximum possible 
increment after k steps, providing that the most suitable path is 
selected, may be obtained by raising Ft^(x) to the mih powei-. 
Indeed, if f f is the increment of the functional Q along the 
ith dir^tion, then according to the multiplication rule for the 
probabilities of independent events 

( 7 ) 

In accordance with the above definition the value of is 
determined by the formula: 

1 

«»=—(8) 


Figure 5. Sketch of the node process 

The principle of numbering the nodes is clear from ttie 
figure. During the transition from the initial point to a given 
point the time as well as the functional (4) receive definite in¬ 
crements. The problem of dynamic progr amming is reduced to 
the toding of such a direction at the next node that it ensures 
maximum value for the increment of functional (4) during the 
further optimum progress of the process. 

If the process is random, then the functional (4) is usually 
previously unknown for all the nodes, and it is assumed that 
only the probable distribution law for its increments at each 
point along all the directions is given. The precise value of Q 
may be pr^tically measured usefully only whai following the 
corresponding branch of the process. 

Due to the absence of a mathematical description it is im¬ 
possible to determine the true optimum direction at a node, 
since it would be necessary for this to analyse the process 
along an infinite interval. Therefore, it is necessary to limit the 
analysis to a finite number of steps and to speak only of the 
maximum value for the mathematical expectation in the in¬ 
crement of functional Q for a single step in ttie extrapolation 
with n steps. 

With an increase in the number of steps of prediction this 
value gradually increases, and by virtue of its limited nature it 
tends towards a definite limit 

The eflSciency of dynamic programming for a node process is 
determined by the value of and the determination of the 


In view of the homogeneity of the node process one can 
determine the distribution density lV„(x) of the increiuent of 
the functional as a result of the realization of n arbitrary steps, 
as 7] is the multiple composition of distribution density W(x) : 


W,(x) = ^(x). l^^(x).....W(x) (9) 

n 

The distribution function F„(x) is determined as 

I* 

J —00 

and the probability distribution function of the maximum in¬ 
crement in functional for n steps: 


and 


^mix)-- 




“|m»» 




( 10 ) 

( 11 ) 


An asymptotic expression is found for a,„(«) in the case of 
a Gaussian node process, i.e. when 


»r(x)=^=e 2'* (12) 

ayjln 

where a and a are the corresponding mathematical expectations 
and the variance of the increment of functional Q for a single 
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Step. In this case n the multiple composition fVn(xX as is known, 
is the normal distribution law with mathematical expectation 
na for variances na\ i.e. 

W„(x) -^e" 


and 


(T^2n„ 


where ^(x) is the integral of probabilities 


* 

e"Td^ 

0 


(13) 

(14) 

(15) 


here 


According to formula (11) one obtains; 

(V»‘^^+««)dCl+<5(x)]'"" 

112, J -00 
=a+<rj„(n) 


(16) 




xd[H-<l>(x)]”" 

m" r* 

[l+<P(x)]’""-^e”dx 


-*1 


(17) 


After partial integration and the corresponding substitution 
of variables one obtains: 


m"(m"—1) 


^m(«) = 


m—2 


2nyfn 

1"^ {y Cl + <P(Viii^)e"*'j}<l^ 

It is denoted that 


(18) 


where 


24(JV)= j ^*^(x)dx 

J —00 

<p=*^[l+#(*Vi^]e-** 


Expression (18) assumes the form: 


2jrVln(JV+2) ^ 


(19) 

( 20 ) 

( 21 ) 


The main part of integral (21) is found by the steepest descent 
method, then (21) is re-written in the form: 


J ,,,, (jV-H2)(JV-H)jV*<*'^^>Vlnm 
^ Vln (JV-i-2)(2;t)*^'^+2>(2Zo)'' 

exp|^-yJV(iV-t-2)Z5jB(JV) (22) 

here Zq is the point of maximum function In (p, and 

As a result the calculation of was reduced to the End¬ 
ing of the asymptotic expression for Zq as a function of N. 

By carrying out simple conversions and by using certain 
asymptotic formulae it is possible to show that 


•l™(iV)=(-|-)V27rln 

V 


m 


ln(167clniV) 

l-l-21niV 


", . jMnN\ 


(24) 


Knowing/„(AO it is easy to determine the mean increment 
for fimctional Q for one step by formula 


which is equivalent to formula (16). 

By analysing the obtained result it is noted that 


^Qm«x- lint [OiM(iV)-o]=cr ^2n\nm (25) 

JV-.0O \6 J 

and that therefore, the gain secured as a result of ideal 
planning is proportional to the variance of the random node 
process and to the square root of the logarithm of the node 
order. The relationship between the corresponding gain, obtained 
as a result of dynamic programming, and the number of com¬ 
pared variants is expressed by the following formula: 


4(JV)= 


a„W-a 

AQmox 


1 


ln(16?rlnJV) 

H-21nW‘ 


IH-O 


/lnlnN\ 

VWn) 


(26) 


The graph for this relationship is given in Figure 6. From 
this graph it is seen that in order to obtam more than 60 per 
cent of the maximum respective gain it is sufficient to select on 
each step the best of the 10* variants. 

The number of steps, corresponding to the number of 
variants, is easily determined by the formula 


^_iajy 

In m 


(27) 



Figure 6. Relationship between the relative gain, obtained as a result 
of dynamic planning, and the number of comparable tsarlants 
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Conclusions 

Dynamic programming for the operation of an open-hearth 
steel-making plant by means of a computer on the basis of the 
described method makes possible the acceleration of the melting 
operation in furnaces, under which conditions the possibility of 
decreasing the duration of the melting operation is determined 
by the so-called ‘condensed’ graph. 

The minimum durations of the condensed graphs are de¬ 


termined by the maximum employment of auxiliaries for 
furnaces, although under these conditions certain types of 
auxiliaries may or may not be completely utilized. 

On the basis of the given work technical requirements for 
a computer were established, which is essential for the realiza¬ 
tion of dynamic programming. 

Reference 

^ Smirnov, V. 1. Course in Advanced Mathematics, Vol. Ill, Pt2 


DISCUSSION 


W. G. Wright, Canadian General Electric Co., Ontario, Canada 

From superficial observation of an oxygen-improved open-hearth fur¬ 
nace I have not formed the impression that auxiliaries are limiting. 
Consequently, I wish to ask what particular auxiliary is the bottleneck 
. and what melt rates are achieved on the furnace. 

M. Korobko and Yu. Samoilenko, in reply 

It is possible that with the operation of one open-hearth furnace using 
oxygen blast into the flame when the remaining furnaces operate with¬ 
out any forced blast or with only oxygen restricted forced blast into 
the flame, especially in a new shop not equipped with forced blast 
ducts, the expense of previous improvement and innovations will not 
cause the bottleneck phenomenon. 

However, the question is not only about the blowing of the oxygen 
into the flame but, for example, about the already collected melt 
factors in the shop or about the blowing of the molten metal in the 
furnace with oxygen or with compressed air, which more than halves 
the duration of the melts. 

In this case the physical space at the furnace front was limited (the 
charging cars could not be accommodated) as well as in the entire 
teeming bay. The space for the preparation of the rolling stocks, the 
ladles, the slag basins, the rolling stocks with the charge, the stripping, 
the settling routes, etc., was also restricted. With such a high output of 
steel per square metre of the furnace floor, as is practical in the U.S.S.R., 
bottlenecks due to these conditions occur more easily than in other 
countries. 

G. A. Shippey, Brown-Boveri, Baden, Switzerland 

At the conclusion of this paper, the authors state that the work carried 
out made it possible to frame specifications for a suitable computer. 
Was a special-purpose or general-purpose machine foreseen for this 
dynamic programming problem, or could the authors give any idea of 
the speed and capacity required for the computing task which seems, 
from the paper, to be very formidable ? 

M. Korobko and Yu. Samoilenko, in reply 

A general-purpose computer may be used for dynamic planning. As 
follows from the paper, the higher the speed of the chosen computer, 
the better optimality is obtained. However, with the increase of the 
optimality of the solutions above 65 per cent the required high spe^d 
increases very much (see Figure 6 in the paper). 

To attain an optimality of 65 per cent in planning the operation of 
the shop with 10-12 furnaces the computer speed should be of the 
order of20,000 addition type operations per sec and the capacity of the 
operational memory of 60,000 numbers. 

This evaluation was carried out without accounting for the possi¬ 
bility of choosing the most favourable variants by the criterion of the 
permissible deviation from a certain phase trajectory, having a mini¬ 
mum relative length of the sectors crossing the ‘prohibited’ regions in 
the space. The finding of this factor is similar, to the finding of the 
optimal phase trajectory with the absence of the bottlenecks and is 
a^omplished by the non-linear programming method in the 2/i- 
dimensional space where n is the dimensionality of the phase space. 


J. P. Clyne, B.LS.R.A., 140, Battersea Park Road, London, S.W. 1 

(1) Had you considered the cost of eliminating the bottleneck, i.e. if 
in fact the auxiliaries formed the limitation would it be worth while 
to run the main plant fully and provide more auxiliary plant ? 

(2) Does the installation studied cast ingots for rolling into sheet 
or plate? The latter often requires large variations in the size of ingot 
required, and this makes a prediction, based on a statistical approach 
of auxiliary loading, more difficult. 

M. Korobko and Yu. Samoilenko, in reply 

(1) At the time of posing this problem we carried out time studies of 
the operation of open-hearth shops in various plants and determined 
the character and the values of various delays in the open-hearth fur¬ 
nace melts. After processing the data it was determined that the ex¬ 
penses for the installation of the dynamic planning system will be 
compensated within 1-2 years. 

In our paper we mentioned only the most efficient means of forcing 
the melts, i.e. blowing the metal in the furnace with oxygen. From the 
practice of the plants in the U.S.S.R. and U.S.A. it is known that this 
technique reduces by more than half the duration of the melt. How¬ 
ever, it is known that in the U.S.S.R., as well as in some other countries 
during the past 15-20 years, the output of the steel per square metre 
of the furnace floor, as a result of the improvements of the process 
(replacement of acid roofs by basic ones, transfer to natural gas heat¬ 
ing, enrichment of the blast with oxygen, increase of the melting charge 
weight, etc.), has already increased approximately V/i times. The 
auxiliaries as well as the transportation carrying capacity, however, 
remained practically the same as before, resulting in the bottleneck. 
Partial increase in the auxiliaries results only in the removal of the 
bottlenecks to other regions. 

It should be kept in mind that the accomplishment of the dynamic 
planning is preceded by the installation of the automatic control system 
for the melting and thermal process and the computer centralized 
control of the portions of the shop. Therefore, the dynamic planning 
which optimizes the operation of the shop will be just as important 
even when the bottleneck now shifts to the technological process in 
the furnaces. If the delays are fully removed on account of the optimal 
planning, the optinial phase trajectory takes the shape of a straight 
line, i.e. the optimal operating conditions of the shop will be deter¬ 
mined by the algorithm for controlling the melting technological pro¬ 
cess and the operation of auxiliary shop sectors. The latter is solved 
by the linear programming methods. However, according to our stud¬ 
ies of the operating conditions with a forced regime in the open-hearth 
shop, this is unlikely. 

(2) High output shops such as those figured in the study dd not as 
a rule cast steel of a wide range of grades and assortments. This is 
performed in what we may call ‘small batch* shops. 

The preliminary automation of the melting technological process 
control helps to carry out the orders in accordance with the required 
grades of steel. TThe automatic control of the shop sectors, including 
the preparation of the rolling stocks with the moulds, chosen according 
to the requirements of the production department, helps the dynamic 
planning by reducing the factors determined by the statistical laws. 
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Summary 

The incentives for automating open-die forging are considerable be¬ 
cause of the low utilization and high operating cost of present equip¬ 
ment together with the difficulty of obtaining suitably skilled labour 
for the arduous working conditions. Despite the large variety of shapes 
and sizes made by forging, it has been found possible to build up pro¬ 
duction procedures from a comparatively small number of basic 
operations simple enough to be encoded into standard programmes. 
Also, application of the principles of geometric similarity permits the 
use of such programmes for producing geometrically similar shapes 
irrespective of absolute size, effecting great economy in programming. 

A full description of the development of the BISRA experimental 
2001 Forge embodying these principles of automatic control is given. 
Apart from reducing the number of forgemen required, automation 
offers the benefit of greater accuracy of working, and it is estimated 
that by means of programme control with automatic tool changing, 
output can be raised by between two and fivefold. Some of the control 
features developed on the experimental forge have already been 
applied on industrial plant. Planning is now in progress for a fully 
automated 8001 forge ^ong the lines of the BISRA experimental Forge. 

Sommaire 

Dans ce rapport, les auteurs d^crivent le processus de forgeage k outil- 
lisse appliqu6 k la formation d’engrenage des lingots et k la production 
unitaire ou en petite serie de pieces forgoes k complexity de profils 
variy. L’analyse des op6rations et des ^l^ments conduit k Texamen des 
commandes automatiques et des programmations. Les lignes g6n6rales 
d’une thdorie de programmation sont pryentdes, ainsi que le niveau 
n^cessaire de precision dans les operations, en fonction des tolerances 
finales et des variations inevitables des caracteristiques du stock. 

On decrit la Forge Experimentale BISRA, et plus particulierement 
ses equipements de mesure, de commande et de programmation. Les 
operations et les pedbrmances: taux de production, qualite et cofit du 
produit de cette installation sont compardes k celles d’une forge non- 
automatique. On donne un aper$u- general sur les developpements 
commerciaux et les tendances futures. 

A la fin, les auteurs examinent les possibility d’une coordination 
automatique de toutes les operations d’un atelier de forge. 

Zusammenfassung 

Der Anreiz, Gesenkschmieden zuautomatisieren, ist wegen der geringen 
Ausnutzung und der hohen Betriebskosten der gegenwfirtigen Aus- 
rtistung groB; obendrein besteht die Schwierigkeit, hinreichend aus- 
gebildete Arbeitskrfifte ffir die anstrengenden Arbeitsbedingungen zu 
finden. Trotz der grofien Zahl der erzeugten Profile und Abmessungen 
sind Fertigungsverfahren mOglich, die von einer verhSltnismfiBig klei- 
nen Anzahl von Grundoperationen ausgehen, die einfach genug sind, 
um sie in ein Normalprogramm zu ubersetzen. Mit Hilfe der geometri- 
schen Ahnlichkeitssfitze kann man derartige Programme auch zur Her- 
stellung von geometrisch fihnlichen Profilen verschiedener Abmessun¬ 
gen benutzen, was den Programmieraufwand wesentlich verringert. 

Es folgt die Beschreibung einer bei BISRA (British Iron and Steel 
Research Association) entwickelten 200-t-Schmiedepresse,.bel der diese 
Regelungsprinzipien angewendet wurden. Abgesehen von der Frei- 
setzung von ArbeitskrSften bringt die Automatisierung den Vorteil 
grdBerer Bearbeitungsgenauigkeit mit sich. Es wird angenommen, daB 
die Programmsteuerung mit selbsttfitigem Werkzeugwechsel die Pro- 
duktion auf das Zwei- bis Ffinffache steigert. Einige in der Versuchs- 


schmiede gewonnenen regelungstechnischen Erkenntnisse wurden be- 
reits industriell eingesetzt. Die augenblicklichen Anstrengungen gelten 
dem Bau einer voUautomatischen 800-t-Schmiedepresse. 


Introduction 

The present paper is concerned with what is usually termed 
‘plain-tooT or ‘open-die’ forging: The products of open-die 
forging comprise a great variety of shapes and not only is the 
variety great, but the products are usually made in small num¬ 
bers, or even singly. Consequently the production of a forge is 
of a jobbing or batch type and the present-day equipment, though 
notable for its versatility, is deficient in reproducibility of opera¬ 
tions and precision of control. Because of these features, open- 
die forging might well be regarded, at first sight, as unsuitable 
for automation. The incentives for automating open-die forging 
are, however, great. First, the provision of labour presents a 
problem which has of late become acute, because of the require¬ 
ment of a high degree of skill and of arduous working conditions 
arising from the manipulation of metal at temperatures in the 
range of 800^-1200° C. Secondly, production costs are high 
because massive and costly equipment is employed and a pro¬ 
digious amount of fuel is consumed in raising the metal to, and 
maintaining it within, the range of operating temperatures. The 
utilization of the equipment and of the heat content of the work- 
piece is low, moreover, because of shortcomings in the control 
of the operations. Thirdly, with an incr^sing proportion of 
forgings having to be made to ever more stringent specifications 
and from increasingly costly materials, operational procedures 
of higher reproducibility and closer dimensional control of the 
finished piece are desirable in the interests of materials economy. 

For these reasons, the Forging Committee of the British Iron 
and Steel Research Association (BISRA) embarked in 1956 
on a programme of research and development aimed at auto¬ 
mation of heavy forging, which has been centred round an ex¬ 
perimental forge installed in the Association’s Metal Working 
Laboratory in Sheffield. The work, which has been mapped out 
in stages, beginning with mechanization and culminating in 
fully automatic operation, is approaching completion. Through¬ 
out, the commercial development of intermediate attainments 
was envisaged and has been accomplished, spurred on by the 
industry’s extensive activities in plant renewal and modernization 
dominating the late 1950’s and the present period. 

In what follows the basic concepts and main directions of the 
development are outlined, followed by a description of the ^ex¬ 
perimental forge and an indication of industrial developments 
stemming from it. 

Forging Procedure 

The principal function of open-die forging is to produce a 
shape of specified dimensions from ingot or rolled stock. In 
general, the workpiece is substantially larger than the shaping 
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tools, which move in one plane only to exert a squeezing action 
on a ^all portion of the workpiece. Thus the piece has to be 
repositioned between squeezes and the operation as a whole is 
stepwise in character. Moreover, only a limited depth of squeez¬ 
ing can be accomplished in one go, owing to metallur g i cal and 
g^metrical limitations, so that the shape and dimensions of the 
piece are changed only gradually, as the result of a large number 
of small steps. 

At present, the procedure is decided by the operator as he 
goes along, but experience has shown that some sequences of 
operation are more efScacious in transforming the shape than 
others, ^d notwithstanding the great variety of product shapes, 
there exist recognizable patterns of procedure which are followed 
by all forgemasters in broad outline, even though they differ as 
to their details. For example, when making a round bar, the 
most widely practised method, based on the use of flat tools, 
consists of first making a square oblong the side of which is 
approwmately equal to the diameter of the round, and then 
rounding it in stages by successively transforming it into an 
octagon, hexadecagon, etc. Likewise, when making collared 
shafts, rolls, and similar rounds, composed of cylinders of 
various diameters, it is usu^ first to make a rough round to the 
largest diameter present in the finished piece and then to reduce 
the diameter of designated portions along die length. 

In this way one can build up sequences of procedures for 
shapes of increasing complexity. The point, to note is that some 
of the component procedures, or phases, recur in the making of 
many forgings. In particular, the initi^ cogging down of an 
ingot to a square or round oblong is the common starting stage 
for nearly all forgings, this and similar phases can be standard¬ 
ized, then the great variety of forgings is, in effect, lessened from 
the point of view of working procedure. It seems natural there¬ 
fore to develop a classification of shapes based on the various 
component phases of working procedure, in the interests of 
production planning and as a prerequisite of automated pro¬ 
duction. One such classification^ adopted in Russian forges, is 
illustrated in Figure 1. 

]^ch phase, e.g. the cogging of a square bar, rounding, etc., 
consists of a sequence of passes which present a new pair of 
faces to the tools. The passes in turn are made up of squeezes 
and inbe^een repositioning movements of the stock. So far, 
the magnitude of these and the order in which they are taken 
are found to vary not only from forge to forge, but also from 
operator to operator, so much so that considerable differences 
are encountered in the time taken to accomplish die job. A less¬ 
ening of these differences through a standardization of proce¬ 
dure is desirable, in the interests of conservation of heat and 


higher plant productivity; it would also contribute to economy 
of programing in an automated forge. Until recently, this was 
not practicable since none of the equipment was fitted with 
precise means of controlling movement, both squeeze and re¬ 
positioning being judged by eye. However, even when the plant 
is equipped with precision controls, the task of standardization 
is very much more complicated than in the case of shaping by 
naachinmg. This is so because squeezing results in a rhang . of 
dimensms and shape in all three directions, so that the de¬ 
formation only partly conforms to the shape and movement of 
die squeezing tools. 

The movement of the metal in the region acted upon by the 
tools is the consequence of plastic deformation, and a good deal 
of the work of the authors and their colleagues has had to be 
devoted to the investigation of the relationships between squeeze, 
elongation, and qjread, from which one could compute the 
material dimensional changes of the piece consequent upon a 
squeeze^. 

Fortunately (from the point of view of progr ammin g)^ it has 
been discovered that these relationships are e.«wftnHgiiy geo. 
metrical in character, and factors such as the absolute dimen¬ 
sions, the metallurgical state of the piece, surface conditions of 
tools and stock, temperature, etc., play a secondary role and 
can be ignored for practical purposes. 

Thus, for example, in the case of the squeezing of a rec¬ 
tangular prism by means of plane tools, when the changes of 
shape and the ruling dimensions are as depicted in Figure 2, 
the dimensional changes that matter are related as follows: ' 

which defines the condition of unchanged volume, that diar- 
acterizes plastic deformation, and 



where s is an ^pirical factor depending very largely on the 
ratio fi/wo (the inter-squeeze movement over the initial width of 
the stock, and termed the bite ratio, fi), as evidenced by Figure 3. 
Thus it has been possible to define the rules about deformation in 
terms of ratios of ruling dimensions before and after squeezing. 
By prescribing the fractional changes of the squeezed dimoi- 
sibn (A) and the inter-squeeze movement (A) termed bite, it is 
possible to predict in advance the dimensional path followed 
during forging. This finding is, of course, of cardinal importance 
from &e point of automatic control, because it implies that one 
era dispense with continual scanning of the entire shape of the 
piece, rad substitute for it computation. 
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Figure I. Classification o/600-3,000 tons press forgings 

according to complexity of forging operation 
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In principle, even when squeeze and bite are prescribed, there 
is still an infinity of choices of the sequence of these. However, 
a theoretical, computer-backed study® of this problem has 
brought to light important new principles regarding the best 
choice of sequences. As yet, these have been determined quanti¬ 
tatively only for the cogging of square bars, but the underlying 
principles are valid in other procedures also and work in this 
direction is continuing. ITie investigation to date has brought 


example, when forging high speed tool steel; and second, the 
available load capacity of the press usually restricts the choice 
of schedule. The range of schedules which are a dmissible w ithin 
this bound can be determined from calculations of load, the 
results of which may be superimposed on the type of graph in 
Figure 4 in the form of a series of contours of constant load. 

From what has been said about the principles tmderlying 
rational forging methods it is apparent that not only is it feasible 



to light that the fastest procedures for cogging square bars are 
those in which the ratios and h/wo for each pass are kept 
constant; in other words, the squeeze and bite are changed after 
each pass in constant proportion to the current height and 
width of the piece, whence the term ‘simple proportional 
schedule’ has been coined for this procedure. 

The values chosen for the two constants of proportion depend 
on several factors, viz., the initial dimensions of the piece, the 
amount of cogging required, and the load capacity and perform¬ 
ance characteristics of the plant The constants can be ralraiTgtwf 
from a set of formulae or found from a graph of fiie type depict¬ 
ed in Figure 4. In practice there are two further factors which 
need to be tak«i into consideration in the choice of best sc hedule, 
First, a limit may have to be impbsed on the depth of squeeze, 
i.e. on the value of Ao/^> because of the danger of cracking, for 



Parameters 

Dimensions of stock =* 24 in. X 24 in. x 48 in. 
Forging ratio (final lengthloriginal length) = 3 
Press and manipulator performance cdlows eighty-four 1 in. 
penetrations/min 

The full curves have an inter-pass manipulation time <?/3 sec 
The dashed curves have an inter-pass manipulation time of 6 sec 
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to s^Tidardize procedures to a degree which involves only a 
modicum of monitoring of the dimensions of the workpiece, but 
also the information content of the programming instructions 
can be compressed to a marked extent, thereby enabling it to be 
performed by comparatively simple equipment. 

Forging Plant 

The plant employed in open-die forging has evolved from 
the blacksmith’s forge. Indeed, the smaller forgings are still 
worked under hammers and manhandled by means of tongs. 
Since with hammers the penetration of the piece depends not 
only on the energy content of the blow but also on the resistance 
of the metal to deformation, there exists no simple means of 
controlling the squeeze and for this reason the possibility of 
automating hammer forging has not been explored. The forging 
press, on the other hand, can be made to squeeze the piece by 
any prescribed amount with a high degree of precision. 

T^e larger forgings have to be handled mechanically. Forging 
manipulators, which hold the workpiece cantilever-fashion, are 
rapidly displacing the older method of gripping by means of a 
‘Porter’ (balancing) bar suspended from a crane and freely 
swinging during movement. At present, manipulator drivers are 
seated on the vehicle and command a diflFerent an^e of vision 
from that of the press operator. Difficulties of coordination in¬ 
herent in this arrangement are responsible for a slow working 
pace. This is accentuated by the fact that conventional mani¬ 
pulators move much more slowly than the press tools. Marking 
off lengths and gauging of diameter is done manually, by 
me^ of large steel rules and callipers. Owing to the heat 
radiated by the stock, this is a strenuous job and accuracy 
suffers in consequence. 

Until quite recently,, none of the equipment was fitted with 
any precise means of controlling the position of press tools and 
mampulator gear. Both press and manipulator movements were 
judged by eye and controlled by servo-controls of the position- 
velocity type. It is not surprising that there has been little con¬ 
sistency of working. 

'Die most important requirement for the purpose of auto¬ 
mation is to control the movements of press tools and of mani¬ 
pulator in such a way that the spatial positions of the workpiece 
and tools are defined in advance with precision. Ideally, then, 
the controls should be of the position-position type. Further, 
since the forging operations consist of sequences of single 
squeezes alternating with repositioning of the stock, proper 
timing of press and manipulator actions for sequencing purposes 
is ne^ssaiy. In this connection it has become apparent that the 
manipulator action must be markedly speeded up if full ad¬ 
vantage is to be taken of the speed of action of modem presses. 

Again, complicated forgings require the use of more than 
one type of tool. At present, tool changing is time consuming 
^d done with primitive mechanical aids. Automatic tool chang¬ 
ing is desirable in the interests of speed of operation. Finally, 
imtruments or other devices are required to mark off dimen¬ 
sions and to monitor the shape during forging. 

The BISRA Experimental Forge 

A 200 ton press was available in the Metal Working Lab¬ 
oratory prior to the commencement of the work on automation 
of forging. Tlie normal method of working with the press was 
mitially similar to the prevailing industrial practice and is illus¬ 


trated in Figure 5, the crew consisting of a press driver, two 
tongmen for steadying the workpiece and two levermen for 
moving it between squeezes. The programme of mechanization 
decided upon called for a speeding up of the slow operation of 
the press by detailed attention to the hydraulic circuit, and for 
the development of a remote control for regulating accurately 
the amount of squeeze. To eliminate hand manipulation it was 
decided to build a rail-moimted manipulator. Figure 6 shows a 
view 'of the experimental forge after mechanization, with the 
equipment under the control of one operative. 



Figure 5. Original method of working on the experimental forge 



Figure 6. Experimental forge after mechanization 


The results of the mechanization progranune are reported 
elsewhere*# ® and it suffices here to. conunent briefly on these 
developments. The press is driven by means of a direct-puihp, 
oil-hydraulic S 3 ^tem. Modifications to the hydraulic circuit were 
required, principally, to speed up'the slow approach and return 
speeds of the crosshead and to eliminate delays occurring in the 
press cycle. As a result of the hydraulic modifications, crosshead 
velocities in.free approach and return were increased to 12in./sec, 
and in actual squeezing any value up to 3 in./sec could be 
selected. The stroke cycle time for a heavy cogging stroke was 
cut from just over 3 sec to approx. 1 sec. 
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Figure 7. Forging manipulator-^eneral arrangement 


For regulating the movement of the press tool an electrical 
position control was developed to link up with the solenoid- 
operated pilot valve. The control comprises a polarized relay 
connected between the sliders of two potential dividers, an input 
potential divider in the control desk, and an output potential 
divider driven by the movement of the press crosshead. Dis¬ 
placement of one or other of the potential dividers causes the 
relay to operate in the appropriate sense and its contacts com¬ 
plete the control circuit via further relays to operate the solenoid 
pilot valve, and hence the press crosshead, to restore the original 
balanced condition. In practice, there are two input potential 
dividers in the control desk, one for setting the lower limit of 
crosshead movement and one for the upper limit. In tests using 
the position control, the finished sizes of forged pieces have been 
within ± V 32 ill- of fii© nominal size which normally lies in the 
3-*6 in. range. During any one pass, moreover, where the control 
setting remains unchanged, the variation from stroke to stroke 
is less than ± V 64 in. 

A survey of existing commercially available manipulators 
had disclosed that they were of two general types: rail-mounted 
and mobile. The latter were usually required eilso to serve the 
functions of furnace charging and shop transport. Additionally, 
existing manipulators were, without exception, slow and cumber¬ 
some with the result that the output of the forging plant was 
reduced. As one of Ihe ultimate objectives was the development 
of an integrated forging plant, the design and manufacture of a 
rail-bound manipulator was decided upon, solely to be used for 
handling forgings at the press, with its performance matched 
to that of the press. A design sketch of the manipulator is shown 
in Figure 7. 

For simplicity, the machine was designed to impart only the 
three essential manipulative motions, namely rotational, vertical 
and longitudinal. The motions were equipped with remote 
position controls similar to that of the press and provision was 
made for automatic sequencing of the crosshead movement of 
the press and the longitudinal and rotational movement of the 
manipulator, the method being to use the relays which control 
any motion to start the next motion. 

Automatic tool changing devices for the top and bottom 
press platens were designed and manufactured later, to facilitate 


the development of programmed working techniques. These are 
illustrated in Figure 8. The unit for the bottom tool consists of a 
motorized turntable situated on the press platen and within the 
press colunms. It is equipped with four tools—flat, swage, and 
two knifing tools for marking-out purposes. Top tool changing 
is achieved by a slide containing two tools—^flat and swage 
respectively—the slide being positioned by a pneumatic cylinder 
with an electrically actuated valve. The required tools are 
selected remotely and the turntable and slide are accurately 
locked in position by means of detent mechanisms. 

The method of working at the stage of development just 
described, i.e. with the various motions under remote position 
control, was to preset the pressing and manipulative actions 
required during a forging pass by means of dials on the control 
desk coupled to the input potential dividers. At the end of the 



Figure 8, Top md bottom tool chatters 
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forging pass, the equipment was stopped, the control dials were 
appropriately reset and the forging was automatically re¬ 
positioned for the next pass after which automatic forging was 
once again recommenced. 

Programme Control 

The method of working just outlined constitutes a rudi¬ 
mentary form of programme control, each programme con¬ 
sisting of a single forging pass, with, the operator inserting a new 
programme at the end of a pass. The first programming unit 
proper which was constructed for investigating automatic forg¬ 
ing, was a logical extension of this and consisted of a means of 
presetting and automatically resetting the controls of the press 
and manipulator after each pass by means of dials mounted on 
a series of identical panels, one for each forging pass®. 

Such a system suffers from two disadvantages. First, a pro¬ 
digious amount of work has to be expended on the preparation 
of the complete programme, a separate one of which would be 
required for each size of forging. Secondly, small differences in 
the response of the material to the imposed deformation (dif¬ 
ferences in the amount of spread due to variations of temperature 
or surface) might accumulate and render the programme in¬ 
applicable. 

As the result of the previously mentioned theoretical analysis 
of forging methods, from which emerged the novel method of 
forging by proportional schedules, it seemed feasible to develop 
a more versatile and flexible control system by continually 
monitoring the transverse dimensions of the piece during forging 
and from this controlling the press and manipulator motions. 
The scheme envisaged had three particular advantages. First, it 
would enable the amount of input information required by the 
controller to be greatly reduced as compared with the earlier 
control unit. Then, it would make for grater consistency in the 
degree of deformation as the result of feedback about current 
dimensions of the stock. Finally, it would make for more rapid 
change of shape. 

Also essential to progranMne control of complex forgings is 
a means of monitoring the current length of the stock. This is 
required because at certain stages forging has to be confined 
between accurate lengthwise limits as, for instance, when only 
a portion of the length requires reducing, to form a journal. The 
position of the manipulator carriage forms a convenient point 
of reference to one limit; the other limit has to be referred to the 
end of the forging away from the manipulator and additional 
means must be provided for monitoring this. 

In order to facilitate the introduction of programmed work¬ 
ing into industrial plant at the earliest date it was decided to 
engineer the new control unit as a commercial prototype, in col¬ 
laboration with the Brookhirst Igranic Electrical Co. who had 
alr^dy marketed a successful form of press position control. 
This control was based on a digital system and it was decided to 
adapt this method for the programme control unit in view of 
the degree of accuracy required with complex shaped forgings. 

Particular features of the system are the use of a static 
switching technique, employing transistors of germanium PNP 
type; also printed circuit boards had already been developed 
for die various logic functions, required for the press control, 
including adder, comparator and selector units, and these were 
capable of providing much of the computation and storage 
facilities of the programme control, thus reducing the type of 



Figure 9, Proportional programme control unit 



Figure 10. Panel of control desk 


\ 

board required to be specially developed for the new program¬ 
ming unit. 

A view of the control unit is shown in Figure P. Input in¬ 
formation for the programme is charged to the control unit 
from a plug board situated in the operating desk, a view of 
which is given in Figure 10. Mounted on the desk panel are the 
buttons for operating the press main pumps, zeroing facilities 
for the position control of the press tools and a switch for 
selection of manual or automatic control. With the manual 
position selected, operation of the equipment is from the various 
buttons and dials on the right-hand horizontal panel, while in 
the automatic position, operation is controlled from the plug 
board. 

Modifications to Earlier Position Controls 

The provision of facilities for monitoring the height and 
length of the forging necessitated some changes to the press and 
manipulator traverse position controls to fit in with the digital 
programming unit. For the press, the commercially developed 
form of digital position contr'ol was fitted. The control principles 
are the same as in the earlier scheme but the crosshead position 
is indicated by a signal from a digital positional indicator which 
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is compared with a digital number corresponding to the desired 
stopping position and stored in the programme control unit. 
The digital positional indicator (digitizer) consists of a number 
of discs geared together on which a digital pattern is inserted. 
In the present case the code used is pure binary, the pattern being 
made up of magnetic segments. The body of the digitizer is 
mounted on the top entablature of the press, with a steel cable 
coupled to the movable crosshead at one end and wound over 
a pulley at the digitizer end. The geared discs rotate with the 
pulley and provide a digital indication of crosshead movement. 

For monitoring the length of the forging, the cables of similar 
digitizers are coupled to the manipulator carriage and to the free 
end of the forging for providing the control unit with a digital 
reference of both ends of the forging. The degree of accuracy 
obtained from the original simple on-ofif control system for the 
longitudinal traverse was reasonable for the forging of plain 
shapes but for complex shapes, comprising portions of different 
size and shape, greater accuracy was required and a modified 
form of on-off control was installed by the Brookhirst Igranic 
Electrical Co. and Towler Brothers (Patent) Ltd. collaborating 
in the development. The essential feature of the new control is 
that the manipulator is accelerated to maximum speed under 
full power as before, but at a predetermined distance from the 
stop position, the hydraulic motor is switched from maximum 
power to one giving a creep velocity, from which the final 
switch-off provides accurate and consistent positioning. 

Features of the Proportional Programming Unit 

A diagram of the general scheme is given in Figure IL Pro¬ 
tection of equipment and forging is obtained by adopting a 
sequential mode of operation, in which no new motion is 


initiated imtil signals have passed indicating that all previous 
motions have been completed satisfactorily. The particular ad¬ 
vantages to forging brought about by this form of working are 
that it provides a means of automatically stopping the programme 
in the event of equipment misbehaviour and also it ensures that 
the forging does not foul the press tools during inter-pass re¬ 
positioning of the stock. 

The computational facilities for regulating the press squeeze 
and manipulator bite are as shown in the block diagrams in 
Figures 12, 13 and 14, The method of controlling the lower 
limit of the press movement involves detection of the current 
height of the stock at the beginning of each pass. This is done 
by feeding the positional signal from the press digitizer to a 
monitoring device, which is instructed to store the particular 
value measured at the instant the top tool makes contact with 
the stock. The contact is detected by means of the change of 
velocity of the crosshead which occurs when the free fall of the 
crosshead is terminated and squeezing begins. For this purpose 
the output change of the velocity transducer is used. Using this 
value of the current height and the stored value of the fractional 
height reduction (specified as part of the input information), the 
control S3rstem computes, instantaneously, the required height 
for completion of squeezing and the press is instructed to squeeze 
to this height. Thereafter, the computed value is stored in the 
system for controlling further squeezes of this pass. Eventually 
the stage in forging is reached when the computed value of the 
height for the next pass is less than the specified finishing size; 
when this occurs the system overrides the computation and 
inserts the appropriate finishing dimension. The system can be 
set to select two, three or four consecutive passes at the final 
dimension, depending on the accuracy of shape required. 

The upper limit of press tool movement is obtained by ad- 
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Figure 11. Proportional programme control—overall scheme 


Figure 13. Programme control—longitudinal measurement 
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Egure 12. Press squeeze—measurement and computation Figure 14. Manipulator longitudinal travel increment computation 
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ding a fixed amount to the initial height measured at the be¬ 
ginning of the pass. The addition is for the purpose of providing 
satisfactory clearance for re-positioning of the stock between 
squeezes and in the present instance the actual value decided 
upon is 1V 2 

The incremental movement of the manipulator between 
squeezes is regulated in similar fashion to the press control. In 
this case, in accordance with the requirements of proportional 
scheduling, the computed value of the lower limit of press motion 
of a particular pass is stored for use in computing the manipu¬ 
lator movement in the succeeding pass. This is because the final 
height in one pass becomes the starting width in the next and 
the manipulator advance is a fixed fraction of this width. The 
required manipulator step movement is computed from the 
product of the width and the specified value of bite ratio (an 
item of input information) and is automatically signalled to the 
manipulator after each squeeze. Actually, two stores are pro¬ 
vided, one for even passes and one for odd passes. One store is 
charged during the even pass with the information to be used in 
the next odd pass, after which the information is cancelled to 
permit storage of new information. The second store operates 
in the alternate sense. Special arrangements have to be made for 
the first pass because no previous measurement of width is 
available. As the workpiece at this stage has the same height 
and width (in the case of blooms and square ingots), it is ar¬ 
ranged, in this particular case, for the measured value of initial 
height to be stored as the width. In the succeeding passes the 
system reverts to the normal scheme. In cases where forging is 
confined to accurate lengthwise limits and a further step of the 
computed amount would take the manipulator outside one or 
other of these limits, the control is equipped to override the 
computed step and insert the appropriate smaller increment, 

T^e system of manipulator control includes facilities for the 
manipulator to work in both directions, i.e. both retreating 
from the press and in an advancing direction. 

Input Information 

For the purpose of charging the controller with the appro¬ 
priate input information, forging procedures have been broken 
down into phases, each comprising a group of forging passes. 
For example, the pass sequence used in squaring down ingots 
represents one phase, converting the square to an octagon is 
another phase and similarly for the various planishing (finishing) 
and knifing procedures. The items of input information for each 
phase comprise both the essential actions of the press and 
manipifiator during forging and also the ancillary tasks of 
repositioning between passes, tool selection, etc. Using propor¬ 
tional programming, the essential press and manipulative 
actions can be defined by one value each of fractional squeeze 
and proportional bite, plus the finishing details of size required 
and mmber of finishing passes. Similarly, input information 
regarding the repositioning actions can be reduced to a minimum 
m view of their repetitive nature; for example, the rotational 
sequenc^ include the simple 90° sequence for square cogging, 
mternative 90° and 45° as sometimes used in swage cogging and 
22 /g for making finidied round sections. 

The plugbowd system used for the experimental equipment, 
illustrated in Figure iO, is in effect a matrix which proves an easy 
means of modifying programmes as required during experimen¬ 
tal testmg. The matrix enables up to 30phases tobenro^rammed. 


with a total of 84 digits available for setting up input information 
for each phase, the appropriate digits selected by insertion of 
diode plugs. A 30-way uniselector energizes one input busbar 
at a time, and at the completion of a phase a signal is fed to the 
raiselector to advance it to the next phase and set in the new 
information. For industrial installations, input information 
would preferably be charged to the control unit by means 
of a punched card system. 

Performance of Experimental Forge 

As the result of the introduction of remote position controls 
of both press and manipulator motions, the dimensional 
precision of forgings has been greatly enhanced. Not only are 
the overall finished dimensions now accurate to ± 1/32 in. in 
cross section and ± Vs in. longitudinally, but the shape is so 
good that final planishing of billets is invariably aiccomplished in 
two or three passes, whereas in conventional forging practice 
planishing takes up as much as 1/5 to 1/3 of the total number 
of passes. 

Prior to the development of the controls considerable doubts 
were expressed by forgemasters as to whether programmed 
forging would be at all feasible, considering the inevitable 
surface and temperature variations from piece to piece. However, 
experiments in which these variations were deliberately exag¬ 
gerated, either by letting the piece cool appreciably before the 
commencement of forging or to scale heavily by holding in the 
furnace for longer than necessary, have shown conclusively 
that these fears have been unfounded. 

As regards the stepping up of output rate, comparisons with 
industrial conditions are rather difficult on account of the small 
capacity of the experimental forge, and because the work of 
programming complex forgings is not yet complete. Using the 
simple programming control unit already referred to®, an 8 in. 
square ingot has been formed into a piece consisting of three 
portions of square cross section measuring 20 in. X 6 in. square, 
20 in. X 4 in. square, and 20 in. x 3 in. square; the forging 
procedure comprised 23 passes and was completed in 4 V 2 inin, 
about half the time that a skilled forging crew would require 
on a fast operating hammer. Using the data recorded in this and 
similar tests and comparing them with industrial practice it has 
been estimated that the use of progranmaing and automatic tool 
changing on industrial presses would raise the output rate 
between two and fivefold, depending on the complexity of 
the forging. 

Discussion 

The automation of open-die forging, as it is being realized 
by us on the experimental forge of the British Iron & Steel 
Research Association in Sheffield, rests on three cardmal 
principles: (1) Notwithstanding the enormous variety of shapes 
and sizes of forgings and the very high content of skill in making 
them by present-day methods, it is a fact that the individual 
forging procedures have a few common basic elements. Thus 
it is possible to construct a great variety of procedures from 
a comparatively small number of elements (‘phases’), e.g. 
cogging, rounding, knifing, etc., which are sufficiently simple 
to be encoded into standard programmes. (2) The nature of 
deformation in forging is such that those aspects of it which 
govern the change of shape can be expressed in terms of para- 
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meters embodying the principle of geometrical similarity. Thus 
geometrically similar changes of shape can be accomplished 
by similar propammes irrespective of the absolute dimensions, 
which results in a great economy of prognunming. (3) Inherent 
in the novel forging procedures developed from first principles 
(simple proportional schedules) is a means of intermittent moni¬ 
toring of the current dimensions of the piece, which affords 
a measure of primary feedback of information about the for g in g 
and of automatic adjustment of the progranune in the light of 
this. 

The development is not yet complete in that the efficacy of 
various procedures for programme-forging of complex shapes 
needs to be evaluated experimentaUy and some minor modifica¬ 
tions to the control schemes are still to be tested. However, the 
mechanization developments and the control schemes already 
imtdled in tihe experimental plant have established, in a con¬ 
vincing manner, the practicabili^ of forging by programme 
control. 

It was stated at the outset that this development was planned 
in several stages in the interests of easier introduction into 
industrial practice. Since the demonstration of remote position 
control of the experimental press in 1956, commercial equipment 
of this type has been marketed by a number of companies, and 


more than a dozen presses in Great Britain and others on the 
Continent and in the U.S.A. have already been converted to 
this system of control, with a similar number now on order. 
In one plant recently installed the manipulator is remotely 
controlled by the press driver; it is also fitted with means for 
autoinatic sequencing of manipulator and press actions which, 
it is intended, will be put into operation in the near future. 
Planning is in progress for the construction of a fully automated 
800 ton forge, on the lines of the BISRA experimental forge. 
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DISCUSSION 


Author’s Opening Remarks 

Of all processes in operation in the steel industry, forging appears least 
suited to automation since it is essentially engaged on small batch and 
even jobbing production of a great variety of products. The incentives 
for automation are, however, great, firstly because of a shortage of 
labour to operate forges, secondly in order to increase the low pro¬ 
ductivity of the costly equipment involved, and thirdly, in the interests 
of materials economy through better control of the process, partic¬ 
ularly in the future when increasingly costly alloy steels will dominate 
the production schedule. 

Technically, control of the forging process is diflScult, because of 
its stepwise character and the fact that plastic deformation in it is 
subject to direct control in only one of the three dimensions in which 
it occurs. The development of automatic forging has rested on a three¬ 
pronged attack of this problem. 

In the first place, it has been necessary to bring about improvements 
in the forging plant. Manipulation has had to be speeded up in order 
that the manipulator may match the high-speed performance of the 
modern forging press. Next, manual control of presses and manipu¬ 
lators has had to be replaced by remote electrically actuated controls 
which would lend themselves to automatic sequential operation and 
programming. And hei;e, since the requirement in forging is to control 
the movements of press tools and manipulator jaws in such a way 
that the spatial positions of the workpieces are defined with precision 
at all times, control of the position-position type have been adopted. 
The development has been pioneered on an experimental plant situat¬ 
ed in the B.I.S.R.A. laboratories in Sheffield. The various controls 
have been tested and proved some time ago, and are now commercially 
available, likewise the principles of design of the high-speed manipu¬ 
lator have been adopted by a leading manufacturer of forging manipu¬ 
lators in his latest models. 

The second line of attack has involved an analysis of production 
techniques. This has revealed that, the great variety of products not¬ 
withstanding, forging procedure can be broken down into a number 
of elements which recur in the making of all forgings, so that it has 
proved possible to compound programmes for a variety of products. 


from a small number of standard operational phase. One of these, for 
example, which recurs in the majority of forging operations used in 
the making of oblong pieces is the initial conversion of the square or 
octagonal ingot into a square billet, into a round one—and so on. 

WiA this analysis there exists then a basis for programming, but it 
is admittedly a cumbersome one because separate programmes would 
still have to be written for each size of product and of ingot, thus 
necessitating a very large library of programmes, and since each forging 
comprises a very large number of elementary steps of successive 
squeezes and in-between irianipulations, most programmes would be 
very lengthy indeed. This problem gave rise to the third prong of our 
attack, in which we engaged on a fundamental study of the deforma¬ 
tion in forgmg, in order to discover the rules according to which the 
shape and dimensions of the workpiece change as it is squeezed. In the 
course of this work we discovered short cuts, the nature of which 
would take too long to explain here, but is described in References 2 
and 3 of the paperl 

With the aid of these short cuts we have found it possible to devise 
new methods of forging which are more efficient than traditional ones 
Md, furffiermore, which can be defined by remarkably few bits of 
information. As a result the task of programming has become enor¬ 
mously simplified, as is explained in the paper. 

In the experimental forge, programming is done by means of a plug 
board which has a capacity of up to 30 phases with a total of 84 digits 
^d fot a particular job takes about 10 min to set up. For industrial 
installations we envisage feeding the control system by means of 
punched cards instead. 

And now, what has been the performance of the equipment? Prior 
to its development, doubts were expressed by forgemasters whether 
programmed forging would be reproducible. In fact, as the result of 
the adoption of the newly discovered procedures, we have achieved 
the desired reproducibility as between one piece and another, and 
indeed have been able to forge to dimensional accuracies previously 
unheard of. As these are stated in the paper I shall not take up time 
now by detailing them. Most important of all, as a result of cutting 
out delays associated with manual operations and of the streamlining 
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of the actual squeezing sequence, we have greatly speeded up forging. 
We reckon to raise the rate of production between two and fivefold, 
depending on the complexity of the forging, and we are able to elimi' 
nate some or even all the reheats normally found indispensable. In 
this way important fuel savings accrue from the adoption of automatic 
forging quite apart from the increased productivity of the forging press. 
The experimental equipment has been in operation for some 6-9 
months in its final phase, and although we have had many teething 
troubles, particularly with hydraulic components, there is no reason 
to doubt the high reliability of the final equipment, some of which has 
in fact already been installed industrially and performs very well. 


K. J, Butler, Pilkington Brothers Ltd,, St, Helens, Lancashire, Eng- 
land 

To what extent has the equipment described been utilized in produc¬ 
tion? What is the ‘down-time’ required for maintenance of control 
equipment and how does this compare with time saved by improved 
press utilization? 


J. G. WiSTREicH, in reply 

I did mention that this was an experimental plant and when I said that 
this method had been in use for 18 months, I meant experimentally. 
It is not used on production work but some of the features which we 
have developed there, such as the remote position control of the presses 
and the position control of the manipulator, are in fact already used on 
industrial equipment. 

Down-time, I understand, on one of the most recent installations 
in the U.S.A. is appreciably less than 5 per cent (due to breakdown 
of equipment). 

Our main problems on the control side have been with the hydrau¬ 
lics. As you may notice in the paper, the cycle time is fairly short— 
some of the operations have to be performed quickly and delay times 
are particularly critical. We have had to spend some time finding the 
right sort of hydraulic valves but we have solved these problems and 
these valves are commercially available. 


L. Landon Goodman, 2 Savoy Hill, London, W,C. 2, England 

Would the author please amplify his remarks on tool Changing, and 
also give his thoughts on the design of the forging operation ab initio ? 


J. G. WISTREICH, in reply 

It is undoubtedly true that when you look at the forging process afresh, 
you itch to redesign it before doing anything in the way of control. 
We have in fact done both. Described in the paper is an effort to render 
automatic the existing type of equipment but we have studied the 
problem of how to design a press and the manipulating equipment to 
render the whole business of control, and for that matter the whole 
design of equipment, simpler and more efficient. I hope that we will 
publish the results of this very shortly—in fact, one of the press manu¬ 
facturers in Great Britain is going to make use of the work we have 
done to build these new types of presses. 

Tool changing certainly causes considerable delay in conventional 
forges. Figure 8 in the paper shows the rotating table with tools that 
may be indexed into position. This was one of the things which we did 
right at the start to enable us to use different types of tool. The lower 
tools are on a turntable—^we did not repeat this system for the upper 
tool and there are simply two tools side by side which can just be slid 
in or out. 

This is not a practical propositiori for industrial presses because 
of the space taken up, but a different system of tool changing, where in 
fact you have an auxiliary mechanism by the side of the press with a 
magazine of tools so that you can withdraw the present tools to put 
those required in, is something that we have also designed. In fact 
there are machines which approximate to that in operation. In the 
U.S.A., there are so-called ‘tool manipulators’ which perform that 
function to some extent. 

The main change in the development which we have tackled on 
the lines of the new type of press has been in using a double motion 
action, because, as you realize, in the conventional press the axis of 
the ingot moves up and down as it is being squeezed from one side 
only. This in turn complicates the manipulation. By squeezing it 
simultaneously from both sides, one can maintain the. axis all the time 
along one line and this is one of the basic features which we have 
built into the new design. 

The other thing is that the manipulator itself is generally too slow. 
Modern presses can operate at 120-150 strokes/min. No manipulator 
of conventional design on the market can possibly keep up with this, 
and modern presses at the moment are being seriously under-used. 
We struck out for an entirely radical design, borrowing ideas from the 
blooming mill where, in effect, the manipulator is part of the whole 
machine. We have developed a suitable design which is attached to the 
press structure and advances the ingot at a speed commensurate with 
the speed that a modern press is capable of into or out of the machine 
as required. 
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Summary 

The paper gives a description of a steel plant and a brief account of 
the degree of automatic control at present installed in each of the 
manufacturing processes, e.g. coke ovens, sinter plant, blast furnaces, 
steel plant, hot strip mill and cold reduction mills. An overall control 
of the production processes is to be achieved by an automatic informa¬ 
tion handling and production control system using modem electronic 
equipment. The basic inputs to the system the customers*, orders 
and the limitations of plant capacity and processing sequence. From 
these, the system derives production schedules which, in turn, are 
translated into detailed instructions for automatic transmission to 
the men or machines in the works. The results of the manufacturing 
processes are transmitted into the system, automatically where pos¬ 
sible or else by men inserting the information on keyboards. This in¬ 
formation is used by the system to bring its records up to date and to 
amend its previous schedules where necessary. As a by-product of this 
system, information is available for other purposes such as production 
reports, cost accounting, sales statistics and process investigations. 
Owing to the magnitude of the operation the system is being installed 
in stages* 

Sommaire 

Cette 6tude donne une description de Tinstallation d*une aci6rie ainsi 
qu’un expose abr6g6 de T^tendue des commandes automatiques actu- 
ellement instances dans chacun des proc6d^ defabrication, par exemple: 
les cokeries, I’installation d’ag^omeration, les hauts fourneaux, 
I’aci^rie, le laminoir de bande k chaud et les laminoirs de reduction k 
froid. Le commande g6n6rale des proc^6s de production sera r6alis6e 
par un systfeme automatique de traitement des donnto et de contrdle 
de production, employantde r6quipement61ectroniquemoderne. Les 
renseignements fondamentaux, fournis au syst^me sont les commandes 
des clients et les limitations de capacity de Tinstallation et Pordre des 
sequences. De ces renseignements, .le syst^me derive des programmes 
de production, lesquels, k leur tour, sont traduits en instructions d^- 
taill6es pour transmission automatique au personnel ou aux machines 
dans les ateliers. Les r&ultats des proc6d6s de fabrication sont trans- 
mis dans le syst^me, automatiquement oh cela est possible, ou bien 
par Pintroduction manuelle des renseignements sur claviers. Ces 
renseignements sont employes par le systdme pour tenir ses archives k 
jour et pour modifier au besoin ses programmes pr^^ents. Comme 
sous-produit de ce syst^me, des renseignejpaents sont disponibles k 
d’autres fins tels que rapports de production, comptabilit6 des prix 
de revient, statistique des ventes et recherche sur les proc^6s. A cause 
de Pimportance du projet, le systtoe est install^ par tranches. 

Zusammenfassung 

Der Aufsatz beschreibt ein Htittenwerk und gibt eine kurze Darstel- 
lung fiber den derzeitigen Stand der Regelung in Kokerei, Sinter- 
anlage, Hochofen, Stahlwerk, Warmbandwalzwerk und Kaltband- 
walzwerk. Eine umfassende Steuerung (Regelung) der Produktions- 
stEtten lafit sich durch automatische Datenverarbeitung und Produk- 
tionskontrolle nut Hilfe moderner elektronischer Anlagen erreichbn. 


Die grundiegenden Eingangsdaten fur die Steuereinrichtung sind die 
Auftrfige der Kunden, die Leistungsgrenzen der Anlage und die 
Reihenfolge des Produktionsablaufes. Daraus leitet das Steuersystem 
die Produktionsprogramme ab, die der Reihe nach in Form von aus- 
ffihrlichen Vorschriften an das Personal Oder an die Maschinen in den 
Betrieben automatisch fibermittelt werden. Die Fabrikationsergebnisse 
werden wiederum dem Steuersystem zugefuhrt, wenn mbglich auto¬ 
matisch, sonst von Hand durch Eingeben der Informationen fiber ein 
Tastfeld. Die Steuereinrichtung bendtigt die Informationen, um die 
Aufzeichnungen auf dem laufenden zu halten und, falls ndtig, die 
vorhergehenden Programme zu berichtigen. Als Nebenprodukt lie- 
fert diese Steuereinrichtung andere Informationen, wie Produktions- 
berichte, Kostenberechnungen, Verkaufsstatistik und Verfahrens- 
untersuchungen. Wegen ihres Umfanges wird die Steuereinrichtung 
stufenweise installiert. 


Introduction 

Automation is the modern phase in the evolutionary process of 
industrial control technique and the steel industry is taking a 
leading part in its development. The industry has, in the past, 
made use of available instrumentation to bring its various manu¬ 
facturing processes under semi- or fully-automatic control and, 
on the administrative side, it has used punched card equipment, 
calculators and computers to mechanize office procedures. The 
present trend in the industry has been towards the integration of 
process and administrative procedures. 

The Works 

The new Spencer Works of Richard Thomas and Baldwins 
at Newport in South Wales, which went into production in 
1962, continues this trend. Built on a green field site, every 
opportunity has been taken to apply the modem process control 
and data processing techniques tooughout. Figure i is a sche¬ 
matic diagram of the works showing the processes through whicl^ 
the basic raw materials of iron ore, coal and limestone pass 
duripg their conversion into wide steel strip, the main product 
of the works. These processes differ greatly one from the other. 
Table 1 shows, for each process, its main function, the basic 
operations which are needed to achieve this function and the 
degree of automatic control and instrumentation being employed 
at each stage. 

Of the tnain processes, there are only a few which are traly 
continuouis, the sinter plant being the major one in this category. 
Some processes are a mixture of continuous and batch operation, 
for example, the coke ovens in which the gas production is con¬ 
tinuous whUe the coal charging and coke discharging are by 
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Figure 1, Main processes of the works 


batches, but the majority operate on intiividual items of material. 
In the ‘heavy end’ of the Works, from the input of raw materials 
up to the production of ingots in the steel plant, automation has 
so far been mainly associated with the mechanical handling of 
heavy loads of material between the processes and monitoring 
this material flow. The handhng of materials has been expedited 
by automatic tipping of railway trucks and the extensive use of 
conveyor belt systems and the monitoring is by automatic 
weighbridges and belt weighers. The processes themselves are in 
general well instrumented, for example, the sinter plant is fully 
provided with automatic weigh feeders and other devices to 
obtain the required.balance between the various ingredients of 
the mix, and further automatic controls ensure the correct pro¬ 
cessing. On other processes the instrumentation is not always 
adequate for providing fully automatic control. For instance, in 
a blastfurnace the direct measurement of the state of the material 
inside has so far proved impossible and control has to rely upon 
inferential measurements such as top gas compositions and 
temperature, blast pressure, and wall temperature. The lack of 
sensors and the long throu^-times of the material (many hours) 
make the control problem, and especially the optimization of a 
furnace, very ditficult. Secondly, in many cases the instrumenta¬ 
tion has to be backed up by comprehensive laboratory analyses 
in order to maintain the required quality. Modem instruments 
such as vacuum spectrometers are being used in place of the 
older and slow ‘wet chemical’ methods, but there is a long way 
to go before all the sampling and analysis can be done automati¬ 
cally and on-line. 

From the stage when an ingot is teemed, i.e. the molten steel 
has been poured into a mould, all material is in discrete pieces and 
the identity of each piece must be maintained. The first main 
process after teeming is bringing the solidified ingot to a uniform 
temperature in a soaking pit and rolling it into a slab. Typical, 
dimensions of a slab are approximately 28 ft. x 3 ft. x 6 in. 
The slabbing m i ll is semi-automatic in that the required drafting 


(thickness reduction) can be predetermined by pushbutton and 
the whole process controlled by one man. The next major pro¬ 
duction department is the hot strip mill where the slab is re¬ 
heated and then rolled to approximately 0-1 in. thick at about 
the same width as the original slab. It is then so long that it has 
to be coiled up and the product is called a ‘hot coil’. All controls 
in the re-heating furnace are automatic and those for the mill e.g. 
for the roller track, the screw-downs of all 11 stands and their 
drives, the gauge and width controls, the water and steam sprays 
and the coilers, are under the overall control of a computer. 
Only two men at the entry to the mill are required for the actual 
operation of this hot strip miU, and the designed interval be¬ 
tween the end of one coil and the beginning of the next is 3 sec. 
This is the key process in the works and it has been provided 
with the appropriate degree of automatic control. 

Subsequent processes on the hot coil e.g., tempering and 
cutting up into sheets or, if it is to be cold-reiducei pickling, 
cold reduction in the 4-stand mill, annealing, tempering and cut¬ 
up have not such sophisticated controls, but essential instrumen¬ 
tation, as in the annealing furnace, and key controls, such as for 
gauge in the cold mill, have been provided. 

The System 
Concept 

As staged previously, the main product of the works is wide 
steel strip. This is produced to individual customers’ require¬ 
ments in a large variety of widths and thicknesses and in any 
weight from a few tons to several hundred tons. It may be re¬ 
quired in coil form or in bundles of sheets cut to specific lengths. 
Ih addition, many different chemicjfi and physical properties are 
demanded according to the use to which the customer intends 
to put the strip. Orders are also received for semi-finished prod¬ 
ucts such as sinter, ingots or slabs. 
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Table 1 (continued next page) 


Plant 

Process 

Operation 

Mechanization 

Instrumentation 

Coke ovens 

Conversion of coal 
into coke with con- 

Discharge of incoming coal 

Automatic sequencing of tippler 
and weigliing operation 

Positioning by photocell 


sequent production 
of gas and by- 

Stocking and charging of 
coal 

Conveyor belts 

Belt weighers with remote electronic 
indication 


products 

Carbonization 

Discharge of coke 

Gas production 

By-product production 

Conveyor belts 

Monitoring of combustion air and 
fuel gas pressures and temperatures 
Temperature, analysis and flow 
measurements 

Sinter plant 

Fusing together of 
iron ore, limestone 

Discharge of incoming ore 

Automatic sequencing of tippler 
and weighing operation 

Positioning by photocell 


and small coke 
(coke breeze) 

Stocking, drying, crushing 
and charging of ore 

Sintering 

Discharge of sinter 

Conveyor belts 

Automatic proportioning of raw 
materials fi*om belt weighers 

Conveyor belts 

Belt weighers with remote electronic 
indication 

Monitoring of fuel and air flows and 
pressures 

Automatic control of burn-through 
point 

Automatic humidity control on 
hearth 

Blast 

Conversion of sinter 

Charging of materials 

Automatic programming of skip 

Remote electronic indication 

furnaces 

coke and limestone 
into iron with con¬ 
sequent production 
of gas and slag 

Conversion process 

Blast production 

Discharge of iron 

Discharge of slag 

hoist operation 

Automatic volume and pressure 
control of turbo-blowers near 
serge limit 

Reference points set electronically 
Monitoring of top gas analysis, 
pressure and flow . 

Automatic stove temperature 
control 

Steel plant 

Refining of iron into 
steel in L.D. con¬ 
verters using 
scrap and tonnage 
oxygen. Waste heat 
is used for steam 
raising. Steel is 
teemed into ingots 

1 

j 

Charging of materials 

Oxygen flow 

Control of process 

Steel analysis 

Control of boilers 

Teeming of ingots 

Stripping of ingots 
Preparation of moulds 

Lamson tube for conveying steel 
samples to laboratory 

Potentiometric weighing and record¬ 
ing of additives using load cells 

Quantovac analysis 

Automatic control of steam output 
from battery with irregular heat 
input from converters 

Universal 

Soaking of ingots to 

Soaking pit control 

Local and remote (crane cabin). 

Monitoring of gas and air flows and 

slabbing mill 

a uniform tempera¬ 
ture 

Rolling of ingots 
into slabs 

Rolling of ingots 

Scarfing of slabs 

Cropping of slabs 

Stamping of slabs 

Weighing of slabs 

control of pit covers 

Automatic positioning of ingot 
buggy 

Automatic draft increment system 
Automatic sequencing of mill 
operation 

Automatic dimension control 

Automatic stamping machine 

pressures. Automatic temperature 
control 
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Table 1 ~ continued 


Plant 

Process 

Operation 

Mechanization 

Instrumentation 

Hot strip mill 

Heating and rolling 

Reheating 


Automatic control of furnaces using 


slabs into strip 



either coke oven gas or fuel oil 


(about 0*1 in. thick) 

Roughing and finishing 

Automatic positioning of roll gaps 

Mostly controlled by digital servo 


and coiling the strip 
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and side guide settings 

systems 




Automatic width control and speed 

Slab tracking, mill pacing, mill 
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Automatic setting of roller table 
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data logging all computer controlled 




finishing train 

Automatic mill acceleration 
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Width gauge 
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Figure 2. Four levels of computer system, (By courtesy of Control Engineering) 


All these individual detailed requirements have to be sched¬ 
uled by the works production control system taking into ac¬ 
count the technical limitations of each process. The schedules 
have then to be transmitted to the individual production units 
where very close tolerances on process variables have to be 
maintained. In some processes these tolerances may differ for 
each order whilst, in others, the aim is to keep them constant 
over long periods. Departures from these tolerances often re¬ 
quire immediate action, not only in correcting the process, but 
also in the issue of new schedules to ensure the manufacture of 
orders to specification and at the required delivery time. 

In addition to the use of automatic controls for individual 
processes, equipment is provided for an important section of the 
clerical procedures in production control to be made automatic 
and to be integrated with the process controls wherever possible. 
Many of the executive instructions to operators are computer 
controlled directly from customers’ orders and automatically 
updated and re-scheduled from production progress information 
continuously fed into the system. 

A concept of works coverage by a system of interconnected 
computers operating at a series of different levels was proposed 
by the British Iron and Steel Research Association in 1960 and 
has been developed by R.T.B. in conjunction with Elliott Auto¬ 
mation Limited. It is illustrated in Figure!, The uppermost 
level is concerned with forward planning and inter-works order 
allocation. The second level, called the scheduling leyel, shows 
two computers to deal with customers’ orders and to decide how 
and when they are to be executed. They calculate, for the heavy 


end and finishing end respectively, what material is required at 
each process and the sequence in which it shall be processed. 
This information is transmitted automatically, as required, to the 
next level, called the production control level, where six com¬ 
puter systems are proposed, each covering one of the major pro¬ 
duction areas. These relay the information, item by item, to the 
lowest level, i.e. to the operators if the process is manually con¬ 
trolled, or to the process computer in the case of the hot strip 
mill. Conversely, when the material has been processed, the 
operators or machine transmit to the appropriate production 
controller the results of these operations. After this information 
has been checked and compiled it is transmitted in turn to the 
scheduling level, where the production files are updated and 
amended schedules issued if necessary. 

First Stage of Implementation 

Only Stage 1 of the system has so far been installed. This com 
sists of the finishing end scheduler and the ingot and slab con¬ 
troller in addition to the hot strip mill automation computer. 

The finishing end scheduler accepts incoming customer 
orders and computes schedules for all processes from the steel 
plant to despatch. . 

The ingot and slab controller provides an information trans¬ 
mission, display and collection system covering the area in the 
works from mould preparation and ingot teeming through ingot 
Stripping, soaking pits, universal slabbing mill, automatic scarfer, 
crop shears, stamper and piler to the slab yard together with the 
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marshalling of slabs preparatory to rolling in the hot strip milL 
In addition weighing points for the ingot, slab and hot coil stages 
are connected to the system, the hot coil stage being entirely 
automatic. 

The hot strip mill automation computer tracks each slab 
through the hot strip mill, calculates the minimum time interval 
between slabs, operates all the mill controls to produce a coil of 
the correct dimensions and temperature, logs the process vari¬ 
ables for each coil and produces a production record. 

Figure 3 shows the interconnections between the three com¬ 
puters and the information flowing between the various parts of 
the system. 

Scheduling 

As each order is received at the Spencer Works, it is given a 
metallurgical routing number (at present this is done manually) 
which specifies which processes the material must pass through 
and what has to be done to it at each process. The order is then 
fed into the finishing end scheduler computer. A computer sub¬ 
routine then carries out the ‘figuring’ calculations i.e. making 
allowance for the expected material yield at each process, it 
determines how much tonnage must be processed at each stage 
in order to produce the required amount of finished product. 
Where possible, similar orders with compatible delivery dates 
are grouped together to form composite orders. 

The next stage is to allocate in an optimum manner each 
order to a delivery week and then to arrange all the deliveries 


for one week into the most desirable sequence. This delivery plan 
is then projected back through each preceding process as far as 
the hot strip mill taking into account the technical restrictions 
at each stage. Owing to the different average transit times from 
hot rolling to, say, cold sheet dispatch or hot coil dispatch, the 
initial week’s delivery orders will not necessarily form a complete 
week’s schedule on the hot mill and several week’s deliveries 
may have to be combined to provide this. 

This combination is then arranged by a hot mill scheduling 
routine into a week’s preliminary hot mill schedule. Similarly, 
preliminary schedules are prepared for all subsequent processes 
as far as dispatch and these will normally differ from the pre¬ 
viously calculated desirable sequences. This may mean that some 
deliveries are found to be later than required. In this event, the 
item is moved to the previous weeks hot rolling schedule and the 
process repeated. 

These preliminary schedules are issued in the middle of each 
week covering the following week and are used for planning 
purposes only. They are not ‘hard copy* work schedules for 
direct implementation by the operatives. 

The hot mill preliminary schedule is used as the basis for a 
further sub-routine which, taking into account unallocated slabs 
already in stock, calculates the steel plant requirements cast by 
cast in terms of ingot sizes and quantities and passes the details 
to the ingot and slab controller for storage and for printing out 
in the steel plant. When the actual steel grade produced is known, 
the scheduler matches the steel, if possible, to orders within the 
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hot mill preliminary schedule, and transmits the necessary slab 
dimensions to the ingot and slab controller. 

After slabs have been produced and inspected a further sub¬ 
routine allocates them as far as possible to the appropriate part 
of the preliminary hot mill schedule and a list is issued indicating 
which slabs from the slab yard have to be marshalled ready for 
rolling in the hot strip mill. When the slab yard confirm that the 
required slabs have been located and marshalled, the scheduler 
computer issues a ‘hard copy’ final schedule covering approxi¬ 
mately 4 h and also prepares a punched tape for feeding to the 
hot strip mill automation computer. 

The principle of the scheduling computer matching the actual 
steel produced against the preliminary schedule for a process and 
then issuing hard copy final schedules is followed in every sub¬ 
sequent process of the plant, e.g., hot rolled coils for pickling, 
pickled coils for cold reduction, cold reduced coils for annealing 
etc. 

At each process the scheduler computer checks three im¬ 
portant factors: (1) Whether it is necessary to re-order any steel 
because of excessive rejections. (2) Whether every order is keep¬ 
ing to its schedule in order to meet delivery. (3) Whether any 
material excess to an order’s actual requirements is being pro¬ 
cessed and, if so, whether this can be re-applied to another order. 

The Steel Plant 

Returning to the steel plant, the schedule detailing the steel 
grade and the number and size of ingot moulds to be prepared for 
each cast is produced on printers in the mould bay and in the 
steel plant at the beginning of each shift covering an 8 h period 
from the middle of the shift. 

The mould bay personnel assemble each train of moulds as 
required and key into the controller the mould identity numbers, 
the mould sizes and the location of each mould on the train. 
These details are checked in the computer against the desired 
train make-up. If a mould is rejected, this too is signalled to the 
controller as a separate sub-routine checks for mould avail¬ 
ability and maintains historical records of mould usage and life. 

The steel plant prepares the steel and ‘teems’ it into the as¬ 
sembled moulds, indicating to the computer when the process of 
teeming is complete. The steel is then allowed to stand for a given 
period before being moved to the stripping bay. During this 
period, quality control information is inserted on an input con¬ 
sole in the steel plant giving the chemical grade and quality of 
each ingot based on laboratory analyses and inspectors reports. 
Local print-outs provide die steel plant foreman with a sum- 
ma^ of the shift’s operation in terms of the number of ingots, 
weight, downgrades, and also a summary of chemical analyses 
showing the causes of downgrades in the last ten casts. This 
enables him to detect any trend in the quality of steel produced 
and to take corrective action if he considers it necessary. 

Results of the next sub-routine are printed out in the strip¬ 
ping bay. Here the ingot numbers, and their position on the train 
are listed, the print-out also indicating the calculated time to 
start stripping the moulds. When the moulds are stripped off the 
ingots, the process time of the operation is signalled in along 
wth the weight of the cast obtained from a weighbridge. The 
times of teeming and stripping are used in a later sub-routine to 
determine the ‘track’ time of each ingot which is needed to 
detemme heating times in the next process. Ingot faults observed 
on stripping are also fed in, and the controller prints out a shift 


summary for this process control point detailing the usable in¬ 
gots and giving estimated weights of any faulty ingots. 

The ingots will now either be stored in one of the ingot stock- 
yards or while still hot sent through for charging into a soaking 
pit. The controller makes this decision after scanning the soaking 
pit data to see if any pits are, or will be, ready when needed. 
Computations on these data result in {a) a display for the loco¬ 
motive driver showing him the required parking position for the 
train of ingots and (b) a print-out in the soaking pit office show¬ 
ing the pit selected and sequence in which the ingots are to be 
charged into the pit. If there is a delay at the pits, or a downshift 
at the slabbing mill, the computer may divert the ingots from the 
soaking pits to a stockyard and, in this case, a further sub-routine 
determines the stocking area, and displays this at the cast weigh¬ 
bridge. There is also a print-out produced to enable the stock- 
yard foreman to produce a painted plate to be associated with 
each ingot. 

For ingots that go straight to the soaking pits, the time of 
actual charging is signalled and the computer operates a ‘time- 
to-ready’ routine calculated as a function of the accumulated 
track time, ingot size and steel type. Along with a print-out of 
the initial ‘ready time’ for the ingot, the controller prints out the 
details of the slabs to be produced from these ingots. 

An updating procedure for the ‘ready time’ is initiated when 
the gas supply to the pits cuts back as the desired pit temperature 
is reached. This produces final updated ready time. Ten minutes 
before the updated ‘ready time’ the computer switches on a red 
blinker light at the appropriate pit. The pit is then manually in¬ 
spected by the heater who dials in whether the pit is ready for 
drawing. If not, he signals in a new time estimate and the con¬ 
troller repeats the ‘ready time’ updating routine. 

The Slabbing Mill 

Ingots are removed either singly or in pairs from the pits for 
rolling into slabs. From tlie signalling by the heater of the pit 
number being discharged, the controller operates a sub-routine 
associating the ingot numbers with their particular slabbing 
schedule stored in the controller, and displays in the universal 
slabbing mill pulpit the required slab widths and thicknesses for 
the ingots as they arrive. The slabbing mill operator transfers this 
information manually to the mill’s automatic screwdown control 
system. At die end of rolling, digitized final edger and screwdown 
positions are fed back for checking in the ingot and slab con¬ 
troller. Also displayed in the pulpit are rolling data for the next 
ingot batch. Instructions are sent to the slab stamper for correct 
numbermg of the slab; the rolled slab is then weighed, piled and 
passed to the slab yard. 

The Slab Yard 

The next production process for the slab is a cool-off period 
in the slab yard before the slabs are inspected. Results of inspec¬ 
tion, which may result in a new surface quality or possibly in a 
new length, width or thickness, are keyed into the computer 
directly from the slab yard inspection area. After processing 
^ese results, the scheduler now finally allocates slabs against 
individual orders and prints out instructions showing which 
slabs are allocated for rolling against customer’s orders. 

This information is printed out every 12 h as a hot strip mill 
work schedule showing the list of slabs required. 
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Confirmation of the identity of slabs marshalled and the 
order in which they can be rolled allows the scheduler to produce 
a final hard hot strip mill rolling programme several hours before 
rolling. 

The Hot Strip Mill 

Paper tape interconnections between the scheduler and the 
hot mill automation computer allow automatic re-scheduling 
should the actual hot strip mill output vary from that called for. 
A feedback tape is produced by the hot mill computer and gives 
a log of each coil produced, including finishing and coiling tem¬ 
peratures, percentages of prime material, over or under gauge, 
and off-width. The scheduler checks this coil log against the 
desired values. If there are discrepancies, the scheduler can take 
automatic corrective action by amending later rolling schedules 
to replace the coil which was not rolled to specification. Auto¬ 
matic re-scheduling is also possible in the hot mill computer 
itself. If, in the rolling process, difficulty occurs in meeting the 
target programme due, for instance, to the slab being too cold 
to roll, the computer arranges for the slab to be rolled to 
standard stock size. At the same time it feeds back this informa¬ 
tion to the scheduler and sets in train a re-scheduling operation 
to replace the coil not rolled. 

At the coil weighbridges after the hot strip mill, the identity 
of each coil is displayed by the hot mill computer and the weight 
is displayed from a digital weighing system. These two items are 
transmitted automatically to the ingot and slab controller for 
transfer to the scheduler and amalgamation with the coil log. 

The Finishing Department 

In the cold mill and hot sheet finishing departments, the pro¬ 
duction records are, at present, prepared manually and then 
punched on paper tape for feeding to the scheduler computer. 
A study is in hand for specifying an automatic infomiation dis¬ 
play and collection system for this area similar to the ingot and 
slab controller. 

The Data-handling Equipment 

The two-way flow of information between various levels is the 
routine task of the data-handling system and determines in the 
main the equipment to be deployed. Other tasks such as the keep¬ 
ing of records for plant investigations and the issuing of man¬ 
agerial reports summarizing the situation in any given area, 
although of great practical importance, do not have a significant 
effect on the size of the system. In fact, a high proportion of the 
equipment is concerned with the collecting of information from 
the plant operators. 

It was taken as axiomatic that the reliability of the complete 
system can be taken as the reliability of its peripheral equipment 
and so this was made as simple as possible; consistent'With ease 
of use by the operators. 

Ingot and Slab Controller 

At any one input console a man may have to enter several 
different sets of information. For example, in the mould pre¬ 
paration bay, motilds of various sizes have to be loaded on to a 
train prior, to being filled in the teeming bay. The crew are in 
possession of a printed list of mould sizes to be loaded on each 


train, but the precise train and moulds are decided by the men 
and not prescribed by the system. The list is, therefore, just a 
column of reference numbers (programme numbers) followed by 
the numbers of each mould size, of which there are about ten, 
to be loaded on a train. As the train is loaded the man has to in¬ 
form the system what the train number is, what the mould num¬ 
ber is, what its position is on the train and which list he is 
obeying, i. e. the programme number. Subsequently, when the 
train is ready to be dispatched he has to inform the system that 
this is so. Moreover, from time to time a mould is unserviceable 
and has to be scrapped and so the precise mould and the reason 
for its rejection has to be entered. Finally, if a cast is off grade 
and it is decided not to teem into the moulds intended, a spare 
train already loaded with a standard set of moulds is used in¬ 
stead. When a spare train is loaded for this purpose its moulds 
have to be recorded since a history of mould usage is maintained 
by the computer system. On the input console used for all these 
purposes (see Figure 4) are decade switches on which can be set 
up the following numbers: programme number, train number, 
mould number, position on train and reason for mould re¬ 
jection (using a suitable code). But the class of information, that 
is if it is about a mould loaded on to a train, or about a train 
ready for use or about a mould being rejected, or about the spare 
train being loaded, is inserted by suitably setting one other 
switch, the selector switch. When the man has set this selector, 
and all the relevant decade switches, he depresses the pushbutton 
and the information is subsequently read in by the system. Logi¬ 
cally, it is the same as if there were four pushbuttons on this in¬ 
put console, one for each class of information and the decade 
switches read by the system depended upon which pushbutton 
was depressed. The system is, in fact, wired as if there were this 
number of pushbuttons. For this particular input console, the 
information read in for each pushed button is given in Table 2. 


Table! 


' 

No. of 
decades 

Max. 

value 

Selector switch position 

1 

Mould 

2 

Train 

ready 

3 

Spare 

train 

4 

Reject 

mould 

Programme number 

3 

999 

X 




Train number 

4 

9999 

X 

X 

X 


Mould number 

4 

J999 

X 


X 

X 

Position on train 

. 2 

16 

X 


X 


Mould rejected 

2 

99 




X 


Each of the 20 input consoles and 20 soaking pit ‘state’ 
switches in Stage 1 of the system is connected to one of four 
‘Scanners’ which are housed in a room under the slabbing mill 
which was chosen as a suitable position relative to the input con¬ 
soles. The scanners are connected to a computer housed in a 
separate building and the computer, scanners and keyboards, 
together with the output printers and lamp displays which are 
also connected to the scanners, form the ‘ingot and slab con¬ 
troller’. A schematic diagram of the equipment used in the 
system is shown in Figures. 

When a man presses a pushbutton a one-bit store is set in a 
scanner. As soon as the coinputer is ready for more information 
it releases one of the scanners which scans round all of these 
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Figure 4, Photograph of typical input console 



Figure Equipment diagram for Stage 1 of the system 
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one-bit stores at high speed (about 10,000/sec). When it finds one 
which has been set, it informs the computer which subsequently 
demands the relevant information digit-by-digit. This informa¬ 
tion is: the input console number, the selector switch position 
and the time, followed by the relevant digits read from the con¬ 
sole. Information originating in the scanner (console number, 
selector position and time) is immediately transmitted back to 
the computer as five parallel bits plus one parity bit signal. The 
decade switches in an input console, however, are just single-pole 
10-position switches. There is an individual wire to each wiper 
but all 10 contacts are wired in parallel to 10 bus-bars. The 
scanner energizes the appropriate wiper and checks that it re¬ 
ceives a one-of-out-ten signal on the bus-bar. This is then 
encoded, parity added and transmitted to the computer in the 
same manner as the other information. 

From this it is seen that between the time a man presses a 
pushbutton and the decade switches are read by the scanner, the 
information is held only by these switches; there is no buffer 
store. This was done deliberately to simplify the system, but it 
does put a slight restriction on the operator in that he must not 
move a decade switch until it has been read. To aid him in this, 
an annunciator display is incorporated in each input console 
which normally displays ‘O.K.’. Immediately the pushbutton is 
depressed this is replaced by ‘WAIT’. When the information has 
been assimilated by the computer the display normally returns 
to ‘O.K.’ and the operator can insert the next information. If, 
however, the man has blundered, for example, by keying in that 
there are two moulds in the same position on the train, then the 
computer changes the display from ‘WAIT’ to ‘QUERY’. The 
man is then given a second chance to put in the information. If 
after the second attempt the system still cannot accept the in¬ 
formation, it returns the display to ‘O.K.’ but makes the fact 
known on a printer in the system control room in the com¬ 
puter building. 

To transmit information from the computer to a printer or 
lamp display, parallel signals giving the character and the address 
of the printer or display are sent to the appropriate scanner. This 
in the case of a printer, sends a 5-wire signal to the printer. In the 
case of a lamp display, one of 10 lamps has to be energized, and 
so the scanner sets up one of 10 staticizers (flip-flops) for the 
particular display. 

There are. 10 printers (Creed Model 75 s) distributed in local 
offices and 10 displays which are mainly located in pulpits in the 
slabbing mill area. Further, there are automatic inputs from the 
slabbing mill settings and the slab stamper. At the appropriate 
instant control signals from the slabbing mill set up a series of 
relays so that they hold the settings of the rolls when the slab 
makes its last pass through the mill. Subsequently, these relays are 
read by the scanner as if they were decade switches of an input 
console and the computer checks that the slab was rolled to the 


required cross section. Similarly, as the automatic stamper 
stamps the number on the end of the slab this number is also 
held in a relay buffer store for subsequent readings and checking 
by the computer. Finally, there are automatic inputs from the 
temperature controllers at the soaking pits. These are connected 
to a special analogue soaking pit scanner which periodically 
inspects the temperatures and fuel flow at each of the 20 pits. 
This scanner converts the analogue signals from the pitside in¬ 
strumentation into digital signals as if from an input console and 
feeds these into one of the other four scanners. 

The computer in the ingot and slab controller is an Elliott 
803 B with 8,192 words of immediate access store fitted with two 
magnetic film units plus one spare, each capable of storing 
250,000 words on one reel (one word is 39 bits plus a parity bit). 
It is controlled from a console fitted with two printers and dis¬ 
plays. There is also a standby input console associated with this 
console which can be made to perform the task of any of the 
other input consoles in the plant. 

Finishing End Scheduler 

The scheduler, like the ingot and slab controller is an 803 B 
computer, but fitted with four magnetic film units and a spare. 
It also has a control console, and is connected directly with the 
ingot and slab controller so that information can be transmitted 
in either direction between the two computers, one word at a 
time. Input, such as customers’ orders, is by punched paper tape 
and the output of schedules, progress information and manage¬ 
ment reports is also in the same medium. This is backed up by 
the necessary tape preparation and printing equipment. 

Reliability and Breakdown Facilities 

In a system of this complexity there will be times when there 
is a failure. Checks on parity have been built in wherever appro¬ 
priate to reduce the effect of transient disturbances, and much 
can be done by sound operational practice. For example, sched¬ 
ules are punched on to tape well in advance. If all goes well 
these will be replaced with more up-to-date schedules when the 
time comes but, if a failure occurs, the pre-punched schedules 
would be sufficient to keep the works running. 

For recording information under breakdown conditions 
there is the standby input console already mentioned, but, in 
addition, each scanner can adopt a standby mode of operation. 
If, in fact, the computer of the ingot and slab controller does 
not send a signal to the scanners for a period of 5 sec, the 
scanners start up their standby punches and record the informa¬ 
tion being fed in by the operators. The operation at the input 
consoles will be the same except that the ‘QUERY’ light will 
never be illuminated and greater reliance is placed upon the 
men during this period. 


DISCUSSION 


Author’s Opening Remarks 

The paper by Mr. Hersom and myself was written about 18 months 
ago, at a time when the Spencer Steelworks was in the final stages of 
construction but before it had gone into production. The paper had 
therefore to be forward-looking and to describe what we were planning 
to do, rather than what we were, in fact, doing. 

We felt that the best way we could use these introductory remarks 


was by indicating how far we are along the road to achieving our 
hopes and how much still lies ahead of us. 

The construction of the works is complete and it is currently pro¬ 
ducing steel at the annual rate of about 1 million ingot tons as com¬ 
pared with its designed capacity of 1*4 million. This has been achieved 
in about 12 months of operation. 

It is the first works in the world to rely entirely on the L.D. method 
of producing steel and three converters have been installed. 
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In this process, about 100 tons of molten iron and 16 tons of scrap 
are placed in the converter and oxygen is blown from the top through 
a lance for about 20 min, the total time to produce 100 tons of steel 
being about 50 min. 

The hot strip mill in which 30 ft. long slabs are rolled into strip 
about in. thick and coiled up is the longest one of its kind in the 
world. 

All the speed and roll gap controls for the stands are grouped in 
one pulpit and can be operated by two men. Two modes of operation 
are possible: manual and semi-automatic. In the latter mode tlie 
operator has simply to select the required settings and the equipment 
will set itself to these values. When the computer has been completely 
installed, a third, automatic mode will also be available, in which the 
selection of the required settings will be made by computer pro¬ 
gramme. 

The works, then, is well into production and much of what can be 
called conventional automation, described briefly in the paper, is in 
operation. Progress with the computer systems for scheduling and 
information transmission, described in detail in the paper, is briefly 
that all the equipment is installed and tested and operating programmes 
are just coming into use. The two computers forming the basis of the 
system are situated side by side in a new computer centre. Both are 
Elliott 803 B machines with 8192 words of core storage and using 
magnetic film backing storage. A further 803 computer has been in¬ 
stalled for nearly two years and it is used for statistical analysis of the 
works quality control data and other off-line data processing. The two 
main computers are linked together electronically and the controller 
is also linked to a large number of printers, displays and keyboards 
in the pjant. 

All the equipment has been given extensive testing for accuracy of 
transmission and efficiency of operation. One unexpected point which 
has been revealed is that although the annunciator display of ‘O.K.* 
and ‘WAIT’ on each keyboard was designed to indicate to the operator 
whether information has been entered correctly, the sequence is often 
so rapid that unless he is watching the display closely, he is unable to 
detect the insertion. A delay or an audible indication is now being 
considered. 

The basic executive control programmes for the ingot and slab 
controller are written and operational. These provide for the reading 
of information from all keyboards, the issuing of information to the 
printers and displays, the organization of the storage of information, 
the provision of control facilities and the verification of the accuracy 
of message transmission. 

The programme to deal with the actual operating needs of the steel 
plant area has been written and is currently being tested. The ingot 
stocking and soaking pits area has been specified in detail and the 
slabbing mill line is specified in general. Again we hope to have the 
system up to this stage in operation by the middle of next year. 

The finishing end scheduler will cover the entry of customers* 
orders and amendments and all stock control, scheduling and progress¬ 
ing for the steel plant, soaking pits, slabbing mill, slab yard and hot 
strip mill areas of the works. At a later stage it will be extended to 
cover further stock control, scheduling and progressing in areas of the 
cold mill. 

Programmes for order entry, order amendments, figuring, group¬ 
ing, selection of hot mill rolling week and production of weekly hot 
mill preliminary schedules are in operation together with mould record 
files and a simple programme to prepare input tapes for the hot mill 
computer. Other functions are in the programming or in final specifi¬ 
cation stages. 

There will undoubtedly be periods of commissioning and imple¬ 
mentation troubles and a need for parallel running on both computer 
systems, but by the end of 1964 we anticipate having the complete 
system dealing with the receipt of customers* orders, the scheduling of 
the steel plant, slabbing mill and hot strip mill, the display of schedule 
instructions and the collection of production data in the steel plant, 
slabbing mill and slab yard and the rolling of slabs into hot strip. 


made completely automatic. If this is, in fact, achieved it will have 
taken about 5 years from the first suggestion to the completion of the 
first section of our control system concept. 

R. G. Beadle, General Electric Company^ I River Road, Schenectady, 

N.Y„ USA. 

This paper describes one of the most comprehensive and interesting 
scheduling systems that have been planned or implemented to date. 

It would appear that one of the major problems would be the 
definition of detailed requirements of information and logic to and 
from each process or area. In fact, this would appear to be particularly 
challenging in a new steel works where practices are not defined. Would 
you consider a scheduling system more or less difficult to implement 
in an existing works? 

In the hot strip area, one of the most important scheduling func¬ 
tions is the layout of each rolling cycle which occurs between roll 
changes. This cycle requires a width pattern beginning narrow, growing 
rapidly wide, and then a slowly decreasing width until rolls are to be 
changed again. At the same time, however, the order of rolling must 
not exceed many other furnace and mill limitations. Can you confirm 
that this plan is made in the computer? Can you describe the success 
of this particular phase of scheduling? 

R. G, Massey, in reply 

There is no straightforward answer to the question whether it is easier 
to install a system of computer scheduling in a new works or in an 
existing one. Certainly the lack of established operating practices and 
data in a new works makes the system design more difficult, largely 
because much greater flexibility has to be provided. However, the fact 
that the resulting system is more fiexible may more than compensate. 

The great advantage in a new works comes from the enthusiastic 
acceptance of automation and computers to be found in a new manage¬ 
ment. If I had to make the choice, I would prefer the situation in a 
new works. 

Mr. Beadle’s second question refers to the stringent technical re¬ 
striction imposed on scheduling by the hot strip mill. Our computer 
system takes into account all the restrictions mentioned by Mr. Beadle 
and several more besides. It also groups together thicker material into 
a separate heavy gauge round each week and, if necessary, stores scarce 
material over a number of weeks. 

Our hot strip mill scheduling staff have examined all the schedules 
produced by the computer system and are very pleased with the results. 
We have decided to add a refinement to the programme which will 
relax the restrictions on width slightly if a large thickness change can 
be avoided by doing so. This refinement may be found unnecessary 
once the hot strip mill comes under computer control and large gauge 
changes can be accommodated. 

W. N. Spray, United States Steel Corporation, USA. 

The paper by Hersom and Massey, describing the systems of informa¬ 
tion handling and production control at the Spencer Works of Richard 
Thomas and Baldwins, is an impressive addition to the published 
literature concerned with automatic information systems in the steel 
industry. The comprehensive coverage of functions which is contem¬ 
plated by the underlying theories together with the methodical ad¬ 
herence to the full implications of theory in the actual installation 
make the whole programme exceptionally significant for study. 

Although operational results of these systems cannot have been 
fully determined as yet, the early experience may very well have con¬ 
firmed or thrown doubt upon some systems assumptions of wide inter¬ 
est. It would be very helpful if the authors could indicate some of the 
most significant proofs or disproofs of assumption which they have 
encountered. 

Two areas in particular have special interest for some of the current 
efforts in the United States: 
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First, is there a clear-cut reduction in the quantity of products in 
process of manufacture which must be maintained ahead of each of 
the processing units and, as a consequence, is there a reduction in the 
manufacturing cycle time for any given order or order item? It has 
been widely assumed that systems of this sort with very short infor¬ 
mation lags would improve the precision of material tracking and 
schedule control so markedly as to allow much smaller queues of 
material in process. 1 know of no conclusive experience to date on this 
highly desirable possibility. 

Seconds is there any clear evidence that the use of many separate 
computers specialized by geographic area and by level of detail is 
actually superior to the several otiher computing arrangements which 
are possible? The arrangement chosen atRTB has been called the 
hierarchy arrangement, and its value has been urged on the ground of 
superior reliability in case of equipment failures and on the ground 
of systems flexibility. It is very difficult to see that such values are self 
evident. A smaller number of larger computers, all exactly alike and 
each capable of accepting any task of any of the sub-systems, would 
appear to be equally worth exploring. Such a combination might 
actually be superior in reliability because the highest priority routines 
would go out of action only in the case where all computing equipment 
was inoperable. As to cost, the more centralized arrangement would 
almost certainly have the advantages of higher machine loading, since 
at any given time each computer could be filled to practical capacity 
before the next one came into operation. These are not simple matters 
to predict, however, and any RTB experience bearing on these points 
would be most helpful. 

R. G. Massey, in reply 

We certainly expect a reduction in the average time for an order to 
pass through our works with a consequent reduction in the size of 
stocks of allocated material in process. However, it is too soon for 
these effects to have been achieved. 

I do not expect any significant reduction in the total stock main¬ 
tained between major processes. Apart from allocated material in 
process, several other categories of stock are held. Planned unallocated 
stock is maintained as a buffer against scheduling restrictions and 
production stoppages and as provision against a Imk^er than normal 
production yield. Stock also arises accidentally either due to process 
and quality rejections or to a higher than normal production yield and 
even by mistake. 

The computer system will reduce the mistakes but it will also make 
possible a more elaborate system of holding planned stock which will 
tend to compensate. Thus, with the same size of stock I anticipate a 
greatly improved service to customers. 


S. E. Hersom, also in reply 

Mr. Spray’s statement that the value of the hierarchy arrangement has 
been urged on the grounds of superior reliability in case of equipment 
failures and on the grounds of system flexibility, is, in fact, not the 
case. The value of the hierarchy principle from the reliability aspect 
is that if one unit breaks down the rest of the system carries on in¬ 
dependently and is affected only by the lack of information which 
should have originated from that unit. Mr. Spray’s idea of having a 
small number of larger computers, all identical so that they can be 
switched to perform the higher priority tasks and omit those of lower 
priority, sounds very attractive but there are a very large number of 
practical difficulties. To switch units requires not only a change of aU 
the connections, but all stored information must be transferred as well 
and that can amount to many hundreds of thousands of words of 
information. To do this smoothly would require even more equipment 
and make the whole system very expensive indeed. 

J. I. Bradford, 6 Gateway Center, Pittsburgh, US,A. 

We have planned a similar ‘integrated automation’ system for our tin¬ 
plate operation. Of concern is the amount of off-line operation needed 
each day for maintenance of business computers such as the ingot slab 
computer controller and the finishing and scheduling computer. Nor¬ 
mally, business computers are down one shift out of three. In our plans 
the scheduling computer would be switched over to handle the func¬ 
tions of the ingot slab computer controller when it is off-line. This 
would keep the making of tapes on the output of the scanners to a 
minimum, and operation of this display at a maximum. What are the 
authors’ plans for handling the system when the ingot slab computer 
is off-line? 

R. G. Massey, in reply 

We have to have a system for dealing with a breakdown of the ingot 
and slab controller, infrequent as we expect this to be. I wish I could 
say that we had complete standby facilities which can be switched on 
at the first sign of trouble, but for financial and technical reasons we 
have not. Our breakdown arrangements consist of reverting progres¬ 
sively towards manual operation according to how much of the system 
is affected until, if the whole system breaks down, we shall return to 
our existing manual system. In this extreme case, certain production 
records will be punched manually on to tape for updating the com¬ 
puter system so that historical records can be maintained complete. 
This represents quite a small punching load since most of the control 
information will be ignored as no longer relevant. In less extreme 
breakdowns the tapes will be produced automatically from the scanners. 
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On-line Computer Control of a Hot Strip Finishing Mill for Steel 

R.G. BEADLE 


Summary 

A most significant accomplishment has been achieved in the applica¬ 
tion of an on-line digital computer in the control of a hot strip finish¬ 
ing mill. This computer is the primary element of the overall process 
director system. Its purpose is to calculate and transmit set-up refer¬ 
ences to the mill controls. These references, in a conventional system, 
are set manually by experienced operators. 

To perform these functions, the computer requires the following 
in its stored programme: (1) Data describing the characteristics of all 
steel types. (2) The influence of variables on this steel characteristic. 
(3) The characteristics of the electrical and mechanical rolling mill 
equipment. (4) The mathematical model which permits the actual 
set-up calculation to be made from the stored data. 

Furthermore, the action of the computer must be timed and 
sequenced to match the real-time process being controlled. 

The paper describes how the director fits into the process, and 
outlines the set-up calculations made. A few special process features 
are described which must be considered by the set-up calculation. 

Results are given which compare the performance of the computer 
director with human operators as regards gauge accuracy for both 
normal or average rolling as well as during unusual operations. They 
also show a sample of the log sheet showing the accuracy of calcu¬ 
lation. 

A brief description of more complex systems now under con¬ 
struction is also given. 

Sommaire 

Un progrds d’une grande importance a 6t6 r6alis6 par Tapplication 
d’un calculateur numdrique (digital) pour la commande 6iectrique 
d’un ‘finisseur k chaud pour bande’ (HOT STRIP FINISHING 
MILL). Ce calculatetir est I’^ldment principal de I’ensemble du 
syst^me de commande, Sa t^che est de calculer et de transmettre au 
syst^me de commande des valeurs de r6f6rence. Ces valeurs, dans un 
syst^me conventionnel, sont ddtermin^es manuellement par Topdra- 
teur affects au service. 

Afin d*accomplir ces fonctions, le calculateur requiert Temmagasi- 
nement dans sa m^moire des informations suivantes: 

(1) Caract6ristique de tons les aciers k traiter. 

(2) L’influence des variables sur les caract6ristlques des aciers. 

(3) Caract^ristiques de I’^quipement 61ectrique et mteanique de la 

chaine de laminage. 

(4) Le modhlc math6matique du processus, permettant d’eflectuer les 

calculs en employant les donnas contenues en m^moire. 

£n plus, la marche du calculateur doit dtre adapt6e aux conditions 
de temps et de logique d^op6rations auxquelles on est soumis dans 
rop6ration r^lle. 

L’article d^rit conament le calculateur s’adapte au processus et il 
explique la manito de faire les calculs des valeurs de rdf6rence. On y 
trouve dtoit 6galement quelques facteurs particuliers k consid6rer 
lors de ces calculs. 

Des r^ultats montrent aussi la performance du calculateur en 
comparaison avec le syst^me convenUonnel, en ce qui conccme la 
pr^ision de T^paisseur du matdriau obtenue, tout aussi bien en cours 
d’op6rations inhabituelles qu’en temps d’optotions normales. Les 
r6sultats montrent dgalement un exemplaire des donndes (log sheet) 
indiquant le precision des calculs. 

L’article dtoit enfin bridvement quelques syst^mes plus complexes 
en vole de r^lisation. 


Zusammenfassung 

Bin wesentlicher Fortschritt wurde dutch die erfolgreiche Anwendiing 
eines Digitalrechners auf die Regelung einer Warmbandfertigstrafie 
erzielt. Der Rechner ist das ubergeordnete Element der gesamten 
ProzeB-Steuerung. Seine Aufgabe ist es, die Einstellwerte (Sollwerte) 
zu berechnen und vorzugeben. Bei den heute iiblichen Ausfiihrungen 
dieser Anlagen werden die Sollwerte von erfahrenen Bedienungsmann- 
schaften von Hand vorgegeben. 

Zur Lbsung dieser Aufgabe muB das gespeicherte Programm 
folgende Angaben enthalten: 

1. Die Eigenschaften aller zu walzenden Stable. 

2. Den EinfluB verschiedener Parameter auf die Stahleigenschaften. 

3. Die Eigenschaften der elektrischen und mechanischen Einrich- 
tungen der WalzenstraBe. 

4. Das mathematische ProzeBmodell zur Berechnung der Einstell¬ 
werte unter Verwendung der gespeicherten Daten. 

Ferner miissen Reihenfolge und Ablauf der Berechnungsvorgange 
den zeitlichen Erfordernissen des zu regelnden Prozesses angepaBt 
werden. 

Der Aufsatz beschreibt die Anpassung des Rechners an den 
ProzeB und zeigt die Berechnung der Einstellwerte. Einige spezielle 
ProzeBeigenschaften, die bei der Berechnung der Einstellwerte berUck- 
sichtigt werden mdssen, sind ebenfalls beschrieben. 

Der Aufsatz ver^eicht die Ergebnisse des ProzeBrechners und die 
der Betriebsmannschaften hinsichtlich der Dlckengenauigkeit, sowohl 
imter normalen als auch imter ungewbhnlichen Bedingungen. Die 
Genauigkeit der Berechnungen wird an Hand eines ausgefullten 
Datenerfassungsformulars gezeigt. Eine kurze Beschreibung von zur 
Zeit im Bau befindlichen weiterentwickelten Anlagen ist ebenfalls 
angegeben. 


Introduction 

The finishing stands of a hot strip mill are now being controlled 
by au on-line digital computer. This computer is the primary 
element of the overall process director system, and its purpose is 
to provide the set-up references to the mill controls—references 
which are normally supplied by human operators. The computer 
is definitely successful in fulfilling its duties, and has been oper¬ 
ating since early 1962 for all products and under all conditions. 
The system has improved the product quality and reduced the 
cobble rate. 

Like a human operator, the computer must have sufficient 
stored ‘knowledge’ to perform similar duties. The computer 
must know the characteristics of all steel grades, and how these 
characteristics vary with temperature, speed, width, and drafting 
practice. The computer must be able to adjust its practices for 
normal variations of incoming temperature, steel variations, or 
mill condition. Similarly, it must be able to adapt to unexpected 
upsets such as incorrect steel grade or mill cobble, or even sensor 
errors. Also, the computer must coordinate itself in time with 
mill operations—^that is, it must know when to transmit new set¬ 
ups and when to examine the results to improve its operation. 
In short, the computer must simulate a human operator in all 
respects. Actually it must simulate a superhuman operator since 
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the computer’s ability exceeds any human—its large memory, its 
fast arithmetic capacity, and its ability for fast and multiple de¬ 
cisions allow it to exceed the capabilities of a human operator. 


Description of the Mill 


Before the computer operation can be explained adequately, 
it is desirable first to describe the mill that is directed. 


Number of stands 

Type 

Width 

Nominal work roll 
Nominal back up roll 
Motors 

Stands 1-5 each 
Stand 6 
Power supply 
Screwdown drives 
Stands 1 and 6 each 

Stands 2-5 each 

Load cells 
Loopers 

Maximum mill speed 
Typical entering thickness 
Typical delivery thickness 
Products 


6 

4 high 
60 in. 

26 in. dia. 

56 in. dia. ' 
d.c. 

5,000 h.p. 

3,500 h.p. 

Mercury arc rectifier for each stand 

2-75 h.p., constant potential type 
control 

2-100 h,p., adjustable voltage type 
control 

2 per stand, 1,760 U.S. tons each 
Motor-driven, 50h.p., variable 
tension 
2,390 ft./min 
0-800 in. to 1-200 in. 

0-059 in. to 0-375 in. 

Carbon and stainless steels 


In addition to the mill information, one should also consider 
the automatic control and regulating equipment which is used 
for both manual operation and computer operation of the mill. 
In manual operation, the operators provide the set-up references 
for these regulators, while on computer operation the computer 
provides these references. Figure 1 shows in abbreviated form 
the regulating systems employed. First, the speed of each stand 
drive motor is controlled by a speed regulating system (SR) 
which operates through the phase control circuitry of the mer¬ 
cury arc rectifier power supply. The speed regulator maintams 
the motor speed constant to the value set by the operator or 
computer, although after steel enters the mill, the looper position 
regulator (LPR) signal into the speed regulator increases or de¬ 
creases motor speed to maintain looper height. A position 
regulator is provided for each screwdown (SPR) which permits 
the operator or computer to provide a digital reference of roll 
opening to which the screws position themselves. On the four 



Figure 7. Regulating system for 6-stand hot strip finishing mill 
AGCf automatic gauge control SR, speed regulator 
SPR, screwdown position regulator LPR, looper position regulator 


centre stands which have gauge control, the screw position be¬ 
tween successive bars is determined by the screw reference, while 
during the rolling of a bar, the screws are permitted to move 
under the action of the gauge control to maintain constant 
The gauge control utilizes the ‘Gagemeter’ principle wherein a 
gauge reference for each stand, set by operator or computer, is 
compared to the simulated exit gauge of that stand. (A simula¬ 
tion of exit gauge is determined from screw position sensors and 
roll force sensors.) Any gauge error is amplified and operates the 
screws. In addition to this local action of the gauge control, an 
error signal from the delivery x-ray gauge can slowly modify the 
reference of all stand gauge controls if necessary to achieve the 
final gauge accuracy. In addition, although they are not shown 
in Figure 1, sideguide position regulators are provided for use on 
manual or computer control. 

Description of Compute Control System 

It is important first to note that the computer control system 
described in this paper covers only the finishing mill portion of 
the hot strip mill. The system begins as the bar emerges from the 
reversing roughing mill and ends as the bar enters the down- 
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Figure 2. Computer system arrangement 


coiler. Other much larger systems are now under design which 
include a greater number of processes within the scope of the 
computer control. A system of this type is briefly described in a 
later section. 

The overall system diagram {Figure 2) shows, the mill or 
process, the sensors, the regulating control systems, the manual 
inputs, the computer, and the output typewritten logs. All other 
information required by the computer to perform its duties is 
stored within the computer memory. Briefly, the data are as 
follows. 

(a) Numerical data which describe the characteristics of all 
grades of steel which are to be rolled. Primarily, these data con¬ 
sist of constants which permit the rolling power and force to be 
calculated for the process. In addition, the data include the 
x-ray gauge composition adjustment which is required for the 
instrument to measure accurately the various alloys. 

{b) Effect of rolling variables such as temperature and speed 
on the Steel data mentioned above. 

(c) Mill and drive system data such as mill modulus, stand 
motor power and speed ratings, roll diameters, operating limits, 
etc. (Roll diameter is entered by the operator after each roll 
change.) 
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id) The process mathematical model which permits the set-up 
calculation to be made from the stored steel data and mill and 
drive data. , 

The operation of the computer system can be visualized by 
considering the steps required for a single bar to pass through 
the finishing mill. Before the bar reaches the last roughing pass 
in the previous mill (roughing mill), the operator must have 
entered into his manual input desk the information which is 
required to describe the product to be rolled. When the reversing 
rougher begins its last pass, as noted by a relay closure, the in¬ 
puts to the computer are read from the sensors on the roughing 
mill screws and from the switch settings on the manual input 
desk. At this time, calculations for a ‘first’ set-up are made and 
sent to the mill regulators approximately 5 sec after the last 
roughing mill pass has begun. This first set-up calculation as¬ 
sumes an average temperature, and its purpose is to cause the 
screws, speeds, guides, etc. to be near to the correct value. Thus, 
no time is lost waiting for major changes in setting when the 
second set-up calculation is transmitted as described below. The 
computer will skip this first set-up signal if the mill is already 
filled or if the previous product is quite similar to the next. 

When the incoming bar reaches the pyrometer over the delay 
table, a ‘second’ set-up calculation is made, based upon the actual 
tempera!ture observed, and this second set-up is then sent to the 
mill regulators. Using this new set of references, the mill regu¬ 
lators settle on the new set-up just before the bar enters stand 1. 
Afterthebar is in stand 1, the computermakes achecktodetermine 
if the thickness out of stand 1 is correct. If it is not, a ‘third’ set-up 
is made and sent to the regulators before the bar enters stand 2. 
From this point on, the mill is under the control of the regula¬ 
tors while the computer is observing the results to improve and 
bringits stored informationup to date for the set-up on thenext bar. 

When the tail end of the bar leaves the last stand of the 
finishing mill, the computer types a production log which 
classifies each foot of material rolled into gauge and width 
deviation bands, and also indicates the length of prime material 
in feet. In addition, the log shows data such as order number, 
desired gauge, desired width, and finish and coiling temperatures. 
When selected by a supervisor, an engineering log is typed which 
gives for each stand the observed speeds, forces, screw portions, 
amperes, volts, etc. A sample of this log is shown in TMe 3, 

Set-up Calculation 

In brief, the set-up calculation proceeds as follows. Based 
upon the input information for the product ordered, the com¬ 
puter f^st calculates the desired gauge out of each stand in order 
to have the main drive motor loads distributed in the pattern 
requested by the operator. Next, the strip speed out of each 
stand is calculated from the fact that (speed X gauge) or mass 
flow is equal in all stands. Next, the computer calculates the 
rolling force in each stand and thence the mill stretch of each 
stand. Finally, then, the screw setting is calculated as (gauge) 
minus (stretch) for each stand. (The screw setting calculated in 
this fashion is often called the ‘unloaded roll opening’.) These 
thr^ major quantities of speed, interstand gauge, and screw 
position together with the width, x-ray set, and x-ray composi¬ 
tion setting are then transmitted to the mill as the set-up 
references. 

In the above few brief words outlining the set-up calcula¬ 
tions, many man-years of engineering effort lay hidden. It was 


necessary to develop new means of calculating rolling power 
and rolling force in each stand if the set-up was to divide power 
and predict stretch accurately. Methods used in the past and 
described in the literature were just not accurate enough. The old 
calculating procedures were sufficient to select motor size and 
bearing size and the like, but they were not sufficiently accurate 
to permit the setting up of a mill to produce on-gauge material, 
with proper load distribution, and to allow the mill to thread 
smoothly with no stretching or looping at the head end. It was 
necessary, therefore, to extend the existing power and force 
calculating techniques with new analytical procedures and then 
carefully correlate the approach with observations on the mill. 
Similarly, the mechanical characteristics of the mill had to be 
carefully considered and represented mathematically in the 
computer. The stretch of a stand, for example, can be pcibaps 
3/16 in. and in addition it is not linear with force. As another 
example, a representation of roll and mill heating and roll wear 
had to be included since these factors produce significant changes 
in roll diameter. Without this compensation, product quality 
and mill operation would be unacceptable. Electrical drive 
characteristics had to be included in the mathematical representa¬ 
tion—^for example, it is important to remember that when a 
stand is operated at reduced voltage, the power allocated to that 
stand must also be reduced. 

Also, the set-up calculation has certain self-protecting 
features. For example, the system never allows a product to be 
rolled which is beyond the capacity of the drive equipment. 
If the operator requests a product to be rolled in a manner which 
is beyond the speed or power capacity of a stand or two, the 
computer first tries to shift loads, or change speed to fit the 
product to the mill. If the product is actually impossible to roll, 
the computer informs the operator of this fact and requests 
anotlier instruction. 

Of course, another practical problem occurs when the 
operator requests one or more stands to be dummied, i.c. 
removed from service. It is common practice to dummy the 
later stands for heavy gauge, but in addition, any stand may be 
dummied for repair work. When on computer control, the 
operator dummies a stand simply by selecting zero load on the 
stand. Under this condition, tibe set-up calculation must shift 
the load and speeds which would normally be calculated to 
apply to a mill with a reduced number of stands. 

Bar-to-Bar Correction Calculation 

The process model used in theset-up calculation and described 
previously, is constantly brought up to date by the computer 
itself. Each time a bar of steel,enters the mill, the computer 
observes the process sensors, and brings both the process stored 
data and the stored mill characteristics up to date. It has been 
found that this is absolutely necessary if the stored data are to 
match the process mmute by minute. Without correction of 
some sort, stored data which are accurate at one moment would 
not set up the mill accurately later. For example, there can be 
variations in steel chemistry or in sensor calibration which 
require that the data be adapted to the present condition. Of 
course, it is obviously necessary to remember that the initial 
stored data are not absolutely accurate for the average case 
either. 

Briefly, correcting calculations are included to improve the 
gauge, the load distribution, and the mill threading performance. 
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These calculations are based upon the feedback from the 
process sensors which are observed at or near the head end of 
each bar as it enters the mill. The results of observations from 
each bar are applied to the set-up calculations for the next bar. 

The Power of a Computer 

The computer is an amazing tool for mill control. Its giant 
memory and speed of operation make it truly a supBrlmirian 
operator. The computer can make multiple decisions from a 
mass of stored information in the blink of an eye. A hntnan 
operator works from rules of thumb and a general impression 
of the mill—^his memory at best includes only a general feeling 
about characteristics of various steels and the of 

variables. On the other hand, these characteristics are contained 
completely in the computer memory in the form of t hm ujanris 
of words of data, and these characteristics can be summoned 
from the computer memory in a fraction of a second. As for 
^ed, the computer can make a complete calculation and 
transmit it to all the regulators on the mill for a new set-up in 
a matter of seconds. This can reduce the set-up delay and can 
permit greater productivity. The computer speed is particularly 


apparent in the calculation for set-up number 3 mentioned 
earlier. For this set-up, after the bar enters stand 1, the com¬ 
puter makes observations to see if an error exists, and if so 
a nw set-up is calculated, transmitted and the set-up modified— 
all in the two seconds before the steel enters stand 2. 

Overall system reliability is increased by utilizing the com¬ 
puter’s ability to scan and detect abnormal conditions on the 
process and within its own function. The protective actions 
included are self-diagnostic operations, programmed hi^ and 
low limits and reasonableness analysis. The first two bear more 
on the computer as a system component, the last from the 
process point of view. 

A small portion of the reasonableness analysis provided for 
the set-up cal(^ation is shown by the logic diagram Egure 3. 
Part of the logic described here was briefly mentioned previously. 

The Differences Between Computer and fr^ual Operation 

During manual operation, the operator sets up the mill in 
preparation for rolling a bar. If his set-up is good, he depends, 
while the bar is being rolled, almost entirely on the existing 
regulating systenos previously described—that is, speed regula- 



Sample hgic diagram 
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tors, looper position regulators, gauge controls, and screw 
position regulators. The computer performs functions quite 
similar to the human operator. The computer ‘makes’ the 
set-up, but depends upon the existing regulating systems to 
manage the process during rolling. During the rolling of a bar 
the computer is reviewing the operation to improve the next 
set-up. 

The major difference between computer and manual opera¬ 
tion is this: during computer control, it is the computer rather 
than the operator which supplies the process knowledge, makes 
the calculations for the set-up of screws and speeds, etc., auto¬ 
matically transmits these references to the mill itself, and finally, 
observes the results for self-improvement. These basic elements 
of the operation normally are the main functions requiring skill 
and long experience from the human operator. These differences 
can be seen in Tables 1 and 2. 


Besides the basic differences summarized in the previous 
paragraph, minor differences can be seen in the first column 
of Tables I and 2. For computer operation, incoming widths, 
thickness, and temperature are sensor inputs. This makes the 
computer automatically compensate for changes in incoming 
product. On manual control, the operator depends upon the 
schedule and on voice communication for widtii and thickness 
information. 

Summarizing, then, the operator’s task during computer 
operation is reduced from 24 set-up references (see Tables 1 
and 2) to four pieces of simple information regarding product 
description. Furthermore, these four pieces of information are 
entered into the computer during the previous bar. Thus the 
operator has no tasks between bars, and the set-up operation is 
effected at high speed by the computer in the short space 
between bars. 


Table L Description of Manual Rolling 


Incoming information 

Preparation for rolling 

During rolling 

Order sheet 

Operator sets-up 


Control regulates 

Finish gauge 

Stand speeds 

6 

Speed 

Finish temperature 

Screwdowns 

6 

Looper height 

Type of steel 

Gauge control 

4 

Gauge 

Width 

Sideguides 

7 

Screw position 


X-ray 

1 

. 

Voice communication 


24 


Entry gauge 




Sensors 



Operator's responsibility 

Entry temperature 



Observe to improve set-up 

Levelling 

Emergencies 

Operator's knowledge 




Steel characteristics 

Mill condition 

Drafting practice 

Speed for temperature 





Table 2. Description of Computer Directed Rolling 


Incoming information 

Preparation for rolling 

During rolling 

Order sheet 

Operator informs computer 

Control regulates 

Finish gauge 

Finish gauge 

Speed 

Finish temperature 

Finish speed 

Looper height 

Type of steel 

Type of steel 

Gauge 


Deviation from normal drafting 

Screw position 

Sensors 

Computer sets^up 

Computer observes 

Entry temperature 

Stand speeds 

Observes to improve set-up 

Entry gauge 

. Screwdowns 


Entry width 

Gauge control 

Sideguides 


Operator's knowledge 

X-ray 

Operator's responsibility 

Mill condition 


Levelling 

Speed for temperature 


Emergencies 
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Results 

While gauge accuracy is not the only means of describing 
the performance of the system, it is an important factor. For¬ 
tunately, gauge accuracy can be measured fairly dependably. 
For this purpose, the results from a digital gauge logger have 
been analysed at several stages during the course of the project. 
Using signals from the x-ray gauge and from a pulse per foot 
generator, such a logger classifies each foot of strip into gauge 
deviation bands. At the end of each bar, the logger types out 
the number of feet in each deviation band. In this way, the ga uge 
quality of thousands of bars can be collected and analysed. 
Before the installation of the computer, a separate gauge logger 
was used to obtain this information. However, since the com¬ 
puter’s installation, the computer’s production log, which gives 
this same information, has been used. 

Figure 4 (a) is a summary of the results of these analyses. 
In early 1960, before the gauge control or speed regulators were 


Before AGC AGC Computer 

automation 3rd month 18th month 2nd month 



Figure 4(a), Improvement in gauge accuracy 


installed, only 37 per cent of the production was within ± 2 mils, 
while 38 per cent was more than 4 mils from the desir^ gauge. 
This accuracy may not look very good, but actually it is fairly 
t 3 pical of a mill without gauge control which changes orders very 
frequently. In the third month after the installation of the gauge 
control, the quantity of product between ± 2 mils increased 
to 72 per cent. By the eighteenth month, after more adjustment 
and more experience, the quantity within ± 2 mils increased 
to 85 per cent. However, there is still 7 per cent of the product 
more than 4 mils off gauge. Most of this 7 per cent is due to 
poor operator set-up for order changes. In the second month 
of computer operation, the i 2 mil band had been increased 
to 94 per cent. While this is a respectable increase over manual 
operation, still further increases are expected. Since the last 
survey, a number of improvements in the technical approach 
have been implemented. 

As mentioned earlier, gauge accuracy is not the only means 
of d^cribing performance. However, most of the other charac¬ 
teristics of performance are more difficult to state numerically. 
For example, it is significant that the computer memory con¬ 
tains the rolling data for some 40 grades of carbon and stainless 
steel and for all gauges from 0-040 in. to 0*399 in. Regardless 
of the si» of the order change, the computer can make the 
change with ease. Prior to the use of the computer, the produc¬ 


tion practice requirea xnai me gauge cnange between successive 
orders does not exceed 0*070 in. Now there is no limitation. Since 
successive orders can be different by any amount, the production 
scheduling problem is simplified. Another characteristic of the 
system is that operator skill is less important for good qualify. 
For example, one of the most difBcult tasks facing an operator 
is a start-up with new rolls in all six stands. Many mills always 
start up on a standard product since the operators know the 
set-up for certain products. Even then, the first bars are 
frequently off gauge. With the computer,, the mill can be started 
up on any gauge—that is, any gauge which can be rolled on 
cold rolls, and one can expect even the first bar to be on gnugg 
Figure 4 (b) shows a comparison of a manual start-up and a 
computer start-up, each following a roll change. In both cases, 
all six sets of rolls were changed, and the mill started up on 
0*120 in. gauge low carbon. The chart at the top of the figure 
shows the first three bars on manual control and then the 
computer was turned on. The middle channel shows that the 
gauge deviation varied from 4 mils light to 7 mils heavy on the 
first and second manual bars. The chart at the bottom of the 
figure shows a similar start-up on computer control and the 
gauge is seen to be very good. 

It may be of interest to see a sample of the engineering log 
to see the form of the presentation and to observe the accuracy of 
calculation, and Table 3 shows such a sample. The log for 
each bar consists of two lines of typing. At the beginning of the 
first line is the incoming information from the operator or from 
sensors read before the bar enters the mill. The remainder of the 
first line are actual values as observed by the computer from the 
mill sensors while the bar is being rolled. The second line of 
data are the computed values which the computer predicted in 
its set-up calculation. Some of the items require explanation. 
The actual stand gauge of the first line is calculated from 
observed values of screw position and stretch. It must be remem¬ 
bered that all the actual values are measured after the bar has 
entered and transients have settled out. Thus, part of the reason 
for discrepancies between actual and computed values is that 
the regulating loopers and the gauge control have made some 
changes in speeds, screws and forces. However, it can be seen 
that the agreement generally is quite good. 

Electrical Equipment Description 

Both the control regulators and the computer itself are 
fully transistorized with modular construction. The control is 
buUt in a drawer construction of the type shown in Figure 5, 
This type of control equipment utilizes a complete family of 
^ansistorized digital and analogue elements which are inserted 
into the drawers. In this way, these elements are combined in 
building block fashion to produce a great variety of industrial 
control systems. The elements can be combined and used with 
conventional control equipment or with the digital computer. 

The GE-312 digital computer {Figure 6) is a 20 bit, fixed 
point binary machine with over 60 basic commands. The 
machine uses a 16,000 word drum with 12*5 msec maximum 
access time. The word time is 96 p.sec. The input-output section 
uses mercury-wetted relays and h^ a capacity in this installation 
for 160 analogue or digital inputs and 30 output signals. This 
capacity can be expanded as required. Analogue input signals 
can be read in any order at a rate of 20/sec, but can be 160/sec 
under certain conditions. 
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Figure 4 (b). Example of system start-up following roll change 
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Table 3. Sample of 


INCOMING INFORMATION 

SPEEDS 

FORCES 

DATE 

S 

P 

ORDER NO. 

OKllOD 

STEEL GRADE 

FINISH GAUGE 

FINISH TEMP. 

ENTRY TEMP. 

DESIRED SPEED 

ENTRY GAUGE 

ENTRY WIDTH 

(FPM) 


(TONS 

-rlO) 


STD 1-6 

STD 1-6 

0803 

0929 

9242 

008 

02 

118 160 

198 

1340 

101 

334 

0285 0449 0650 0890 1147 1335 

121 

102 

090 

082 

079 

056 











0288 0449 0655 0896 1165 1355 

115 

096 

092 

079 

079 

056 

0803 

0930 

9242 

009 

02 

118 160 

199 

1340 

101 

335 

0278 0441 0643 0883 1140 1326 

121 

102 

091 

082 

079 

055 











0285 0446 0654 0894 1162 1352 

115 

097 

092 

080 

080 

055 

0803 

0932 

9242 

010 

02 

118 161 

202 

1310 

100 

334 

0276 0439 0639 0869 1121 1302 

120 

102 

092 

079 

080 

058 











0278 0436 0641 0873 1137 1322 

115 

096 

090 

077 

079 

053 

0803 

0934 

9248 

001 

02 

104 160 

200 

1470 

101 

331 

0290 0458 0680 0948 1235 1423 

123 

096 

100 

085 

079 

047 











0292 0461 0700 0971 1275 1482 

126 

102 

094 

084 

078 

046 

0803 

0936 

9248 

002 

02 

104 161 

201 

1470 

100 

331 

0283 0456 0679 0947 1240 1424 

121 

101 

096 

085 

084 

048 











0292 0470 0700 0974 1284 1493 

121 

102 

094 

084 

080 

047 











00 


0803 

0948 

9232 

001 

02 

105 158 

199 

1450 

100 

343 

0288 0480 0689 0951 1223 1403 

126 

098 

083 

090 

078 

050 











0293 0473 0702 0974 1272 1480 

128 

107 

100 

088 

086 

051 

0803 

0950 

9232 

002 

02 

105 159 

198 

1450 

101 

343 

0294 0474 0701 0970 1261 1451 

129 

095 

098 

083 

089 

053 











0294 0469 0706 0967 1277 1485 

128 

099 

099 

086 

087 

053 

0803 

0953 

9239 

001 

02 

093 158 

198 

1570 

IQO 

332 

0291 0476 0715 1005 1332 1546 

125 

099 

100 

086 

092 

051 











0302 0487 0745 1027 1373 1596 

116 

no 

108 

091 

090 

052 

0803 

0955 

9239 

002 

02 

093 159 

200 

1570 

101 333 

0296 0484 0731 1017 1329 1541 

124 

095 

094 

080 

088 

051 











0301 0495 0745 1037 1372 1595 

120 

101 

099 

086 

087 

051 

0803 

0957 

9239 

003 

02 

093 159 

200 

1570 

100 

335 

0295 0487 0734 1026 1346 1554 

122 

099 

093 

084 

090 

052 











0300 0497 0747 1046 1373 1597 

120 

100 

096 

085 

088 

051 

0803 

1000 

9239 

004 

02 

093 159 

199 

1570 

100 

335 

0296 0490 0734 1025 1334 1537 

125 

099 

095 

084 

084 

052 











0300 0498 0754 1051 1370 1593 

124 

101 

098 

085 

088 

053 

0803 

1001 

9239 

005 

02 

093 160 

198 

1570 

101 

335 

0294 0492 0743 1039 1350 1556 

123 

103 

096 

083 

.086 

1 

055 











0296 0492 0747 1047 1373 1596 

121 

101 

098 

085 

086 

054 

0803 

1004 

9293 

006 

02 

093 160 

198 

1570 

100 

335 

0296 0496 0742 1037 1342 1558 

122 

100 

092 

082 

081 

055 











0297 0491 0747 1048 1370 1593 

121 

100 

098 

084 

086 

055 

0803 

1008 

9223 

001 

02 

075 157 

206 

1620 

100 

354 

0277 0509 0766 1078 1384 1600 

137 

112 

090 

092 

076 

051 











0298 0529 0795 1101 1411 1640 

109 

118 

101 

093 

086 

054 

0803 

1011 

9223 

002 

02 

075 .159 

207 

1620 

100 

356 

0262 0468 0724 1043 1382 1605 

126 

102 

109 

100 

092 

055 











0272 0477 0756 1063 1411 1640 

107 

104 

106 

094 

092 

053 
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ON-LINE COMPUTER CONTROL OF A HOT STRIP FINISHING MILL FOR STEEL 


Engineering Log FIRST LINE, EACH BAR — ACTUAL VALUES IN BLACK 

SECOND LINE, EACH BAR — COMPUTED VALUES IN RED 


GAUGES 

SCREWS 

CURRENTS 

VOLTAGES 

(MILS) 

(MILS) 

(AMPS 10) 

(VOLTS) 

STD 1-6 

STD 1-6 

STD 1-6 

STD 1-6 

556 353 244 178 139 120 

568 372 283 226 193 142 

0337 0293 0279 0270 0261 0209 

726 721 727 732 748 726 

555 356 244 178 137 118 

576 375 277 226 189 139 

0324 0289 0276 0274 0255 0205 

726 719 728 732 742 729 

559 354 243 178 138 118 

572 374 282 227 193 142 

559 358 244 178 137 118 

572 377 278 225 189 141 

0324 0295 0272 0259 0259 0195 

727 724 728 730 744 728 

560 355 243 178 137 121 

571 373 280 230 192 142 

561 358 243 179 137 118 

570 376 278 228 190 142 

0356 0275 0316 0281 0261 0192 

722 717 722 734 745 733 

527 333 221 159 122 108 

534 359 252 206 178 144 

528 335 220 159 121 104 

533 355 256 206 177 140 

0336 0296 0302 0288 0290 0179 

723 718 726 738 744 729 

528 328 222 159 123 106 

539 350 255 204 172 141 

532 330 222 159 121 104 

540 349 254 204 173 139 





0348 0334 0265 0305 0253 0208 

726 728 724 739 753 730 

526 323 221 158 119 104 

522 338 261 195 173 135 

530 328 221 160 122 105 

519 332 243 196 166 133 

0365 0311 0325 0286 0304 0204 

725 722 724 736 745 729 

524 325 218 158 122 104 

518 350 246 202 161 129 

531 332 221 161 122 105 

519 347 242 197 160 128 

0352 0299 0330 0294 0310 0196 

730 723 727 735 748 737 

499 309 204 146 111 095 

496 339 228 186 147 121 

506 312 203 146 108 093 

498 325 220 181 146 118 

0368 0299 0316 0279 0290 0210 

730 726 729 734 740 725 

494 299 200 143 110 094 

492 328 231 189 152 121 

494 300 199 143 108 093 

493 322 224 183 151 120 

0356 0316 0305 0300 0307 0200 

730 723 727 735 745 729 

494 297 199 143 110 095 

497 322 233 187 151 121 

495 299 199 142 108 093 

497 321 227 183 150 119 

^ AORl 0*105 

728 721 725 738 742 725 

490 295 197 141 108 093 

490 317 229 185 156 121 

0377 0315 0305 02o7 U2oi 

493 298 197 141 108 093 

491 316 224 182 150 118 


728 722 727 734 747 745 

494 293 198 142 110 095 

498 312 229 186 156 119 

0368 0333 0310 0295 0292 0192 

488 295 196 141 108 093 

502 313 223 182 152 116 


731 727 728 731 746 737 

491 296 197 140 109 094 

498 316 234 188 161 118 

0364 0329 0296 0291 0262 0217 

491 298 197 141 108 093 

501 315 224 184 153 116 

AOI*? 0007 

731 731 732 739 745 736 

436 240 160 114 087 075 

429 251 200 151 145 104 

0403 0368, 0262 0302 021/ U2u/ 

432 241 159 113 087 075 

429 247 187 150 135 102 


729 730 728 737 742 736 

470 265 169 118 089 077 

465 283 190 148 129 101 

0340 0323 0341 0321 uzyo 

471 267 167 117 087 075 

463 282 188 152 127 lOO 
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Figure 5, Control equipment (ICF~14904) 


Future Systems 

A much larger, computer control system is now being 
manufactured for a complete hot strip mill. This system will 
supervise and control the hot strip mill area extending from the 
input side of the reheat furnaces, through the furnaces, through 


the continuous roughing mill and finishing mill, through the 
run-out tables and sprays, and to the exit side of the coders. 
Being a much larger process, the system will utdize a larger 
machine known as type GE-412 digital computer. In addition 
to being larger, that machine is also faster and employs both 
a magnetic core and a drum memory. This larger process com¬ 
puter control system will have five basic functions: 

(1) Slab tracking—^keeps track of all slabs entering or leaving 
the process, the location of each slab at all times in the 
process, and by means of visual displays informs all 
operators in the process of the identity of all slabs in 
each area. 

(2) Mill pacing—controls the rate at which slabs are processed 
through the mill. This is accomplished by controlling the 
rate at which slabs are pushed from the reheat furnace such 
that the limiting part of the process is kept fully loaded. 

(3) Temperature control—aims to achieve the requested 
finishing and coding temperatures which are required 
for metallurgical reasons. This is accomplished by 
making adjustments in furnace delivery temperature, and 
roughing and finishing mid set-ups. 

(4) Set-up—simdar to the system described, but for the larger 
area is expanded to include both the roughing mill, 
finishing mdl, sprays, etc. 

(5) Logging—causes several typewriters to prepare various 
typewritten records of the process both for production 
control and engineering purposes. 

There are significant economic advantages for a large com¬ 
puter control system directing the complete hot strip mill area. 
Economic studies have shown that the improved operations 
result in annual savings equivalent to 25 to 50 per cent of the 
system cost. These savings are due to improved quality of gauge, 
width, and temperature, higher production due to fewer cobbles 
and better mill utdization and improved labour costs. 












ON-LINE COMPUTER CONTROL OF A HOT STRIP FINISHING MILL FOR STEEL 


Conclusion 

The use of a computer in a process control system is a 
significant step in industrial automation. Even in a simple form 
as described here for the finishing mill only, the computer 
directed system provides significant benefits in product cost. 
In addition, and this is frequently said to be true for any com¬ 
puter application, the study required to apply the computer has 
brought about a much better understanding of the process. The in¬ 
creased process knowledge will benefit all future hot strip mil^ and 
should point the way towards many as yet unforeseen advances. 
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DISCUSSION 


Author’s Opening Remarks 

The use of a process computer to control a hot strip mill has been one 
of the most successful applications of sophisticated automation in all 
industry. The computer has made significant improvements in yield 
and productivity, and is quickly becoming an accepted part of inodern 
hot strip mill systems. The hot strip mill offers an ideal situation for 
the talents of computer control. First, the large annual production 
provides good economic possibilities, since a typical hot strip mill may 
produce two million tons of steel annually with a value of $ 200,000,000. 
Second, the process requires frequent order change which can mean 
a new programme every 10 min on the average. Third, a computer 
eliminates the dependence on the skill of human operators. Fourth, 
the market demands increasingly higher quality steel from the hot strip 

mill. , . , X j 

The computer control system described in the paper is located on 

the 60 in. finishing mill at the McLouth Steel Corporation in Trenton, 
Michigan, U.S.A. The computer begins its control for each bar as it 
leaves the roughing mill, and performs all actions normally done by 
human operators at the finishing mill. Through calculation and sensor 
readings, the computer adjusts the screwdowns, speeds and sideguides, 
to cause the mill to thread smoothly with no tension or looping, to 
produce accurate thickness on every bar, and to divide the rolling load 
properly on the six stands. And, as each bar passes through the null, 
the computer calculates feedback quantities from .the process which 
improves the programme and data stored for subsequent bars. This 
is the one requirement that makes a computer system so much more 
powerful than a programming system. 

The computer at McLouth Steel has been operating full tinie since 
last year. Its dependability has been exceptional, with an availability 
record of more than 99*5 per cent, even though the mill rolls 24 h per 
day with an 8 h idle period every two weeks. With the aid of the com¬ 
puter, the mill repeatedly has set new tonnage records. Approximately 
91 per cent of the production is now rolled by computer. 

A much larger hot strip mill computer control system is now being 
put into operation at Richard Thomas & Baldwins in Wales. The 
McLouth system performed only finishing mill set-up, whereas the 
above-mentioned system encompasses the whole process from reheat 
furnace to coilers. Furthermore, the McLouth system obtains its order 
instructions from operator manual inputs, while the Richard Thomas 
& Baldwin computer receives its order instructions on punched paj^r 
tape from the scheduling computer described in the previous paper by 

Hersom and Massey. , . . i. i 

The computer is now installed and it is logging and is in the emy 
stages of control operation. However, some months will be required 
before any results can be reported. 

There are several display and manual input stations at strategic 
locations throughout the mill. In general, these stations are used 
when the operator wishes to take exception. The stations display the 
order in process, permit automatic functions to be selected, and pemait 
the operator to insert data manually when necessary. 

When the Richard Thomas & Baldwin system is fully implemented 
the economic benefits promise to be significant. 


G. ScHUEPHAKE, A.E.G. Stromrichterfabrik, Berlin 65, Germany 

. . 

The described mill is rectifier fed on all stands. There are no provisions 
made for regenerative braking, i.e. no inverters. 

Have you had any trouble with the quick speed changes required 
by the computer after a recalculation during the rolling process or, 
more specifically, just before the material is entering the second stand? 

To avoid such possible troubles, would you provide back-to-back 
rectifiers for armature feeding or MG sets with SCR excitation when 
planning new computer controlled hot strip mills? 


R. G. Beadle, in reply 

When a motor is decelerated, the kinetic energy stored in the rotating 
mass must be dissipated. When the power supply is a rectifier, some 
special arrangement must be employed to accomplish this deceleration. 
In the case of the McLouth mill, a slow-down resistor is connected 
across the motor armature when energy must be removed from the 
motor. To answer Mr. Schliephake directly, no difficulty has resulted 
from the slow-down resistor being connected at the moment of impact 
when a new bar enters the stand. 

Actually, little difficulty would be expected since the slow-down 
resistor absorbs only 20 per cent of rated current. Thus, in the worst 
case it represents only an additional 20 per cent load on the rectifier. 
However, because of the nature of the computer operation, it is very 
unlikely that the slow-down resistor will be connected at the moment 
of impact. The resistor ‘picks up’ only for speed changes greater than 
about 3 per cent. Such speed changes will occur for set-up No. 2, but 
then there is sufficient time for the speed to reach its final value and 
the resistor to drop out before the new bar enters. On set-up No. 3, 
time is very short, but the speed changes are very minor. Thus, the 
resistor is not likely to pick up. 

In summation, then, no difficulty has been encountered. The eval¬ 
uation of various power supply techniques depends on broader opera¬ 
tional problems beyond the scope of this paper. 


M. H. Butterfield, International Systems Control Ltd., Wembley, 

Middlesex, England 

(1) What is the basis for the allowances for roll wear and roll tempera¬ 
ture mentioned in the paper, or is this achieved by the automatic gauge 
control system? 

(2) Does the author have any data on the effects of tension used in 
gauge control on strip width? 

(3) What control does the operator have or ‘shape’ ? 

(4) Automatic gauge control alone will yield large benefits. What 
additional benefits arise from use of a digital computer ? For ex^ple, 
under manual operation, setting up a gauge control system will elab¬ 
orate mill operation. 
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R. G. Beadle, in reply 

(1) It is extremely important to account for the effects of roll heating 
and wear since these effects are significant and must be considered to 
calculate accurate set-ups. These effects are predicted by the mathe¬ 
matical model, and then corrected by a combination of process feed¬ 
backs. 

(2) The gauge control employed at McLouth uses no tension varia¬ 
tion but only the screws of stands 2, 3, 4 and 5. Tension variations 
should generally be avoided because of the adverse effects on strip 
width. However, some gauge control systems may use slight variations 
in the tension between the last two stands to achieve a slight vernier 
gauge control. This vernier is quite small and produces no measurable 
effect on width. 

(3) One of the manual inputs available to the operator is the ‘load 
distribution* input. The computer is programmed to produce the nom¬ 
inal load distribution required for the particular product to achieve 
good shape and temperature. Normally the operator is content with 
this nominal distribution and makes no manual change. If, however, 
due to special roll conditions, he must request a special load distribu¬ 
tion to achieve shape, he may do so. 

(4) It is difficult to predict the relative benefits of gauge control and 
computer control. The performance of gauge control is still dependent 
to some extent on the operator’s skill. If the operator makes a poor 
set-up, the gauge control will only partially correct it. However, with 
computer control in addition to gauge control, final performance is 
nearly independent of the operator. In the specific case of McLouth it 
has been estimated that the gauge accuracy is improved by the gauge 
control and the computer by about equal amounts. Of course, the 
computer provides additional yield and productivity benefits beyond 
gauge improvement. 

P. C. Dannatt, AXJ,-Automation Ltd., Cheshire, England 

One of the problems in writing a computer programme to calculate 
the screw, speed and other set-up values for a hot strip mill is to settle 
on a criterion to decide the relative loadings of the mill stands. Could 
Mr. Beadle indicate what criteria are used within the computer pro¬ 
gramme to determine the relative power and roll separating forces on 
each of the stands? 

I am assuming that the computer does calculate the relative load¬ 
ings on stands, though I have noted on the Richard Thomas & Bald¬ 
win finishing mill a manual input facility for this fundamental feature 
of the set-up calculation. Does the computer programme require the 
load distribution to be sef up manually, imder any circumstances? 

R. G. Beadle, in reply 

My previous answer to part (3) of Mr. Butterfield’s question answers 
Mr. Dannatt’s query about load distribution. Based on the desired load 
distribution, the computer calculates the gauge out of each stand, and 
from this, the force in each stand. It is not possible at this time to 
discuss in detail the analytical method of power and force calculation. 

R. JoETTEN, A.E,G., 1 Berlin 28, Huttenstr. 16, Germany 

Are any provisions made in case a sensor fails ? Surely such a failure 
is just as serious as the set-up of ‘impossible conditions* without an 
alarm light provided therefore? 

R. G. Beadle, in reply 

While the computer can partially compensate for sensor drift, it can¬ 
not really protect itself from an outright failure of a sensor. (Of course, 
this is likewise true for simple regulators which we accept in industry 
without a thought. If the tachometer of a speed regulator fails, the 
motor may overspeed and suffer damage.) With reference to McLouth, 


we have found that the hot metal detectors which signal the location 
of the hot bar fail occasionally. Such failures sometimes confuse the 
computer, but fortunately are very rare and have not resulted in any 
damage. 

C. RoDENBxmo, Electrical Engineering Technological University, £/*- 

schede, Netherlands 

(1) How do you measure and control thickness in the transverse 
direction, e.g. crown, or when the rolls are not parallel? 

(2) Can you give information on the accuracy of temperature meas¬ 
urements and the influence of scale, steam and water, for instance, on 
the strip? 

(3) Your logging is per foot. That gives you per roll and per shift 
a lot of data and paper; how do you obtain a practical survey of the 
behaviour of the mill? 

(4) Can you give any information on the development of new and 
better relations between rolling power and rolling force; are there any 
publications? 

(5) How do you measure roll wear and roll heating? 

(6) Can you give any information on the reliability of the computer 
and the off-time for maintenance and tests? Is switching over to the 
manual position possible during the rolling of a coil? 

(7) Does the computer directly give the engineering log sheet or is 
further data processing necessary? 

(8) If, in an existing plant, you want to install computer control of 
a hot strip finishing mill as done by your company, how much time 
and how many people are required to make: (a) Ihe specification of 
the data logger? (b) Calculation of relations between rolling power 
and rolling force, etc., that is to find, from the data on the log sheet, 
the relations between the obtained information ? (c) The decision, from 
the information obtained from 4 (a) and (jb), which computer and 
technical outfit could do the job? 


R. G. Beadle, in reply 

(1) We have no sensor for strip crown camber or flatness, and tliere- 
fore make no attempt to control this automatically. 

(2) I can give you no useful information regarding the accuracy of 
the temperature measurements. We are using normal ‘total radiation* 
pyrometers and information on such devices is readily available from 
the instrument manufacturers. We have found satisfactory operation 
if the bar is thoroughly descaled, and is swept clear of water by a 
steam spray. 

(3) The quality log produces one line of typing per coil and there¬ 
fore does not result in excessive paper. However, your question is 
pertinent since the log should be used for continuad evaluation of the 
operation. At the present time, this is done only occasionally. 

(4) At this time nothing naore can be stated about the force and 
power relations which we have developed. 

(5) With reference to roll heating, see part (1) of my answer to 
Mr. Butterfield. 

(6) For the first six months of 1963 the computer availability has 
been more than 99*5 per cent. At any time the operator may change 
any screw or speed manually if he desires, although this is only a safety 
measure and is seldom done in practice. 

(7) The engineering log shown in my paper is produced directly by 
the computer. 

(8) I do not believe it is possible to estimate on a general basis the 
time and man power required to add a computer to an existing mill. 
This depends too much on the functional requirements of the system 
you may be considering. We estimate that the McLouth system re¬ 
quired about 15 man-years of special engineering, not including equip¬ 
ment design engineering. 
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optimum Control for Continuous Processes 

A. Ya. LERNER 


Summary 

The principles of optimal control of production line processes, as ap¬ 
plied to automation of continuous process control, are studied. 

General expression is given for an optimal law of the process 
control with lumped parameters as well as a structure of the controller 
realizing the law. The paper presents the data of experimental studies 
conducted on the continuous heating furnace of a hot-rolling mill 
that prove the efficiency of the suggested system. 

Sommaire 

On envisage les principes de la commande optimale des processus en 
chatne dans des installations automatis6es. 

On propose une expression g6n6rale de la loi optimale de la com¬ 
mande de I’installation a paramtoes localisds et une structure du dis- 
positif de commande r6alisant cette loi. 

On cite les r^sultats des recherches exp^rimentales ex&ut6es avec 
un four continu d’un laminoir qui ont prouv6 Tdfficacitd du syst^me 
de commande propose. 


Der Aufsatz enthalt die Prinzipien der optimalen Regelung von Band- 
prozessen, wie sie bei automatischen kontinuierlichen Anlagen auf- 
treten. 

Es werden ein allgemeiner Ausdruck fur eine optimale Regelung 
von Prozessen mit konzentrierten Parametern und der Aufbau der 
Regier zur Verwirldichung dieses Ausdruckes angegeben. Die in dem 
Aufsatz enthaltene experimentelle Untersuchung eines kontinuierlich 
arbeitenden Ofens einer WarmwalzstraBe zeigt die Wirksamkeit des 
vorgeschlagenen Regelsystems. 


Task of Control for Continuous Processes 

The transition from periodic to continuous processes of treat¬ 
ment represents one of the basic trends in the technological 
progress of many branches of industrial production. The essence 
of this transition consists of the following. During the periodic 
processes of treatment certain portions of the material are sub¬ 
jected to some action which changes with time (for example, 
temperature, structure, shape), as a result of which the state of 
the material changes from the initial state to the assigned state. 
In a continuous process a continuous flow is arranged for the 
material to be treated, during which the material is subjected 
to a spatial action as a result of which it achieves the necessary 
change, during the time of action on each element of the moving 
stream of the material undergoing treatment. 

This transitional trend towards continuous processes may be 
observed in examples of universal replacement of muffle-type 
furnaces by continuous furnaces, in exarnples of ever-increasing 
employment of continuous rolling mills, in examples of transition 
to continuous methods of manufacture for chemical products, 
building materials and so on. 

If the task of control of periodic processes consisted of the 
selection and realization of the necess^ programme for the 


time-changing action on the material being treated, then the 
basic task of control in a continuous process of production 
would constitute in the selection and maintenance of such form 
of spatial action on the moving stream of material that would 
ensure the necessary change in its state. 

In consequence of this, a continuous process should be 
regarded as a controlled plant containing the distributed-in¬ 
space parameters, which predetermines the necessity for a special 
approach to the construction of the systems of automatic control 
for such plants. 

A failure to understand this and the transfer to such plants 
of methods of control, developed to conform to plants with 
lumped parameters, leads, generally, to a substantial decrease in 
the utilization of the possibilities of control and to a correspond¬ 
ing reduction in the accuracy of maintaining the necessary con¬ 
ditions of processing. 

For the relatively simple cases of plants, amounting to uni¬ 
dimensional cases, the processes in the controlled plant may 
be described by means of a system of n differential equations 
with partial derivatives of the first order 

1 = 1 , 2 ,( 1 ) 

where x is the space coordinate 
t the time 

Q~Q(p^» 0 •••> Qn(p^’ 0 ] 

the vector function, which characterizes the state of the plant, 


w=» (x, 0=[t>i (x, 0.(*. 0] 

w=w(x)=[Wi (x).w,(x)] 

z (x, t) =[« 0 ), V (x, 0 , W (x)] 


the controlling actions. 

It is necessary to take into account that for any actual 
systems the possibilities of control are limited by certain con¬ 
straints such as those which result from tiie limited nature of the 
range of controlling actions and their derivatives, or from the 
limited nature of the region of permissible states of the controlled 
plant and so on, which may be written in the form of a system 
of inequalities, for example: 


df 


^K; 


d^w 

dx^ 


rSN; 


ax’’dt' 




( 2 ) 


The task of control for the continuous processes, as a rule, 
consists in maintaining the state of the material undergoing 
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treatment at the exit from the zone of treatment Q (/j, /) as close 
as possible to point Q*, which corresponds to the assigned state 
of the material. In order to achieve these aims it is essential to 
so organize the change in the controlling actions «(r), v(x,f) 
and that the effect of disturbing actions of different kinds 
on C(/i,0 is compensated for as accurately as possible. In 
continuous processes the following changes should be considered 
as the disturbing actions: the change in the state of the material 
at the entry into the zone of treatment Qq (/o, 0, the change in 
the flow of the material through the zone and the change in the 
parameters which determine the progress of the process. 

The requirement for the minimization of deviation of the 
state of material from that which was assigned for the exit from 
die zone may be written down in the form of a requirement for 
the minimization of the corresponding functional, for example 

rr 

^1=J^ |e*-e(/i,0| <l<=min (3a) 

or 

(3 b) 

which is the criterion for the efficiency of control, where T is 
the assigned fixed time. 

Structure of the Control System 

For the realization of a system of automatic control for 
continuous processes it is necessary to construct the control 
equipment in such a way that with any disturbances the control¬ 
ling actions change in accordance with laws which would ensure 
the minimum value for the functional, which characterizes the 
criteria of quality, and is compatible with the constraints im¬ 
posed on the system. In the systems with lumped parameters 
this is achieved by methods which result from the theory of 
optimum control and which make possible the finding of such a 
structure of the control device, for which the optimum con¬ 
trolling actions are formulated on the basis of information 
relating to the values of coordinates of the controlled plant 
and its assigned state. 

The optimum controlling action for a system with distributed 
par^eters is no longer a function of a finite number of co¬ 
ordinates of the controlled plant, as it is for a system with 
lumped parameters, but is an operator of the distribution func¬ 
tions which characterize the state of the controlled plant with 
distributed parameters. 

This means that at every instant of time t the state functions 
Q (x,t) are brought into line with the control function Z (x, t), 
i.e. Z (Xt t) == J[Q (x, r)] 0 r T where J is the operator. 

If one happens to be dealing,with a single controlling para¬ 
meter, which depends only on time r, then operator J in this 
special case is a functional which, with each state Q (x, t\ brings 
into line Wj(/), the value of the controlling action at the in¬ 
stant of time /. ^ 

The theory of optimum systems with distributed parameters, 
which is now being developed, provides methods for the deter¬ 
mination of the indicated operator J through which the law of 
optimum control is realized. 

For the optimum control of a system with distributed para¬ 
meters it is necessary at every instant of time t to obtain from 
the controlled plant the information regarding the distribution 


function Q (x, t\ which enters into the optimum control system 
(OCS), at the exit of which the controlling action takes place. 

However, with a real plant, as a rule, it is difficult to obtain 
directly the distribution function Q {x, t\ since this is associated 
with considerable measuring difficulties. 

Therefore, the determination of Q (x, t\ in general, should 
be made by means of mathematical simulation of the plant. 

In many cases the equations describing the process in the 
plant are known only with an accuracy up to the constants, 
which characterize the parameters of the process. The knowledge 
of these equations makes possible the finding of structure of the 
simulator of the plant. 

For the. determination of the unknown constants use may 
be made of the idea of self-adjustment. For this, the automatic 
optimizer, by searching, finds such values of the undefined para¬ 
meters of the simulator that the criterion, which characterizes 
the error between the value of the distribution function com¬ 
puted on the simulator and the value actually measured at a 
certain point of the plant, is at a minimum. Thus, the measure¬ 
ment of the entire distribution is replaced by the measurement 
of this distribution only at a certain most accessible point (or at 
a number of separate points). Finally, in each individual case 
the correctness and the single-valued solution of this problem 
should be proved or verified in practice, under quite diverse 
operating conditions of the plant. Thus, in this case the in¬ 
formation concerning the state of the controlled plant for the 
OCS is received from the simulator of the plant. 


Example of Optimum Control for a Continuous Reheating Furnace 


As an example of the optimum control for a continuous 
process of production with distributed parameters consideration 
is given to the process of metal-heating in continuous reheating 
furnaces by means of a simulator. The continuous furnace is a 
typical plant with distributed parameters. This furnace heats 
the metal for a rolling {Figure 1). 

The process of one-sided heating of metal in the furnace is 
described by differential equations with partial derivatives 




dt 5P 


( 4 ) 


where Q ^Q{x, y, t) temperature distribution function for the 
metal related to the length of the furnace y{0^y^L)t to 
thickness of metal x{0:^x^s) and to time r (0 < r ^ T). 
The boundary conditions 


861 

dx 

861 

dx 


f 

=0 


l *“0 

.e(x,o,o=fii(x,o 

and the initial condition 


( 5 ) 

( 6 ) 
( 7 ) 


Qix,y,0)=Qo(x,y) 

are known. 

Here V(t) is the positive function of time which charac¬ 
terizes the speed of motion of the metal in the furnace; u (y, t) 
is the function which characterizes the temperature distribution 
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in the operating space of the furnace, which serves as the con-. 
trolling action in the process for the control of heating of the 
metal; a coefficient which depends on the difference 

>?=3'-J'^w(T)dT (8) 

If it is assumed that the heated blanks are ‘thin’ materials 
of thickness s, then the process of heating is described by the 
more simple heat-exchange equation 

1^+bv^+Q-u(y,t)=0 ( 9 ) 

where Q = Q(y,t) is the temperature distribution function for 

the metal related to the length y^O^y^L and to time T; 

here b is a. coefficient, which depends on = y — ]qV(:c) dr. 
It has the form 


where bi and b 2 are known constants. This case corresponds to 
the heating in the furnace of two batches of blanks having 
different thermo-physical properties or different dimensions. 

Usually within the limits of the zone the controlling action 
u (y, p does not depend on the spatial variable y and is only a 
function of time, La, u = u (t). The temperature in the furnace 
is restricted by limits A^< Aj < A^, 

The optimum control in the case of disturbance of type (A) 
has the form 


u=u(t)=Q*+bv(t)^i 


=Q*+bv(t)Q\D 


u « ' 1^=^ 

when f = 0. 

In the case of disturbance of type (5) the optimum control 
amounts to the controlling action assuming the value 


and 


u=u(t)=Ai if 



( 10 ) 


where c is specific heat, y is specific gravity, and oc is the coefficient 
of heat exchange between the metal and the furnace. Coefficients 
c, y and tx also depend only on the difference »7 = y — Jo v (t) d t. 
The boundary condition 

Q=(Q,t)=Q,(t) ( 11 ) 

and the initial condition 

Q(y.0)=Qo(y) ( 12 ) 

are known. 

Many thermal, diffusion, electrical and other processes are 
described by the equations of the above-indicated type. 

The task of the optimum control of the continuous reheating 
furnace was that with different disturbing actions [change in 
speed V (t), change in the dimensions of the billet and in its 
make etc.] the temperature in the furnace u O', t) should be 
changed so that for time T it minimizes the mean quadratic 
deviation of temperature Q (L, t) of the inetal leaving the furnace 
from an assigned temperature g*, i.e. 

Ct 

/=J [6 ~ 6 (I/, tyf dt ~ min (13) 

In the case of a thick material instead of Q (L, t) in equation (13) 
it is possible to substitute 

Q(L,t)^l(^Q(x,L,t)dx 
^ Jo 


It is assumed that the controlling action u (y, t) does not depend 
on coordinate y and that it is only a function of time t. In this 
case the optimum w is a functional of distribution function 
Q y> 0 or in the case of a ‘thin’ material it is a functional of 
function Q (y, t). 

Consideration is given to the most typical cases of disturbance 
for the process of heating of a metal in the furnace, i.e. (A) the 
disturbance caused only by the changes in speed v = v(t) in 
relation to time, and (B) the disturbance through coefficient b, 
when there is a step-wise disturbance 


6 - 6 ( 17 )= 


bx when L^ri^jL 
.62 when 


u=u(t)=^ A 2 if bx<b2 

The instant of transition from the control based on type {A) 
to control based on type {B) and vice versa^ is determined by 
the distance of the point of disturbance of coefficient 6 from the 
end of the furnace, i.e. from point y — X. The block diagram 
for the system of optimum control for a continuous reheating 
furnace is shown in Figure 4. 

Simulation of Heating Processes in Continuous 
Reheating Furnaces 

The question of simulation of the heating process for a ‘thin’ 
material in continuous reheating furnaces is now considered. 
It is assumed that the process is described by equations (9) to (12). 
Here the temperature in the furnace u (y, t) depends on the 
distance y and time t. 

We shall select a point, rigidly fixed to the moving metal, 
which at the instant of time was at y = 0. Let u (t) be the 
temperature of the furnace, which acts on this point during its 
entire motion in the furnace up to the coordinate y ^ X. Then 
the heating equation for this point has the form: 

b^+q=v(t) (14) 

where q (t) is the temperature of the fixed point at the instant 
of time t with the initial condition determinable by the limiting 
boundary condition at the entry into the furnace when y = 0 

g ( to )==^?6 (^ o ) 

Coefficient 6 = c* y* s*/(X* denotes heating time constant 
(c* is the specific heat, y* the specific gravity, ij* the*thickness 
of blank, and oc* the mean coefficient of heat exchange between 
the furnace and the selected point rigidly fixed to the moving 
metal). 

It is easy to see that the function u (t) has the form 
^'(t)=«(| o((r)d<r,r^ 

i.e. V(t) is equal to the temperature in the furnace u (y, t), where 

/ 

instead of y the expression J v (a) da is substituted, which 

^0 

signifies the distance covered by the selected point in the furnace 
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Figure Sketch of the three^zone continuous reheating furnace with 
bottom prehMing, Graph iliustrating the temperature distribution in 
the furnace u(y,t) and the temperatures of heated slabs Q{y,t) in 
relation to distance O^y^L^ at a selected instant of time t, 

O^t^T 


up to the instant of time The argument satisfies the condition 
^0 ^ ^ ^ where t^ is determined by the relation 



v(o’)d(r—L 


(15) 


at the instant of time t it is necessary to know the functions 
t? and w (y, i) for the interval of time 1/^ - To, t\ where is 
determined by the condition 


t?(cr)do-=L (16) 

For the storage of two variables it is possible to make an 
approximation for it, as shown in Figure 1, for which it is 
necessary to store several values (three values in the given case) 
o^ the function with only one variable [u„, (t), (t), (/)]• The 

block diagram of such storage equipment is shown in Figure!. 

The information which describes the operation of a con¬ 
tinuous reheating furnace is fixed on four tracks of a Tnagnfttir 
drum, and by the four-channel head the reproduction recordings 
are made periodically after the time intervals of t = 2'5 min. 


The measurement and the recordmg of the maiti parameter are 
made in a pulse code in the form of path lengths covered by the 
metal after the interval of time F(/), whilst the measurement and 
the recording of all the remaining pruameters are by the 
frequency modulation method. The surface of the magnetic 
drum is divided by tag markings into 64 zones; by an addi¬ 
tional tag marking (the zero marking) the beginning of the zone 
readings is fixed. The indication of the current and the 

storage of the number of the zone for which the next recording 
should be made is obtained by a unit which consists of two sbc- 
division counters which are connected by correspondence de¬ 
coders and by the drum tacho^pe, the outlet of which is 
connected to the outlets of decoders by system The tag 
markings and the zero marking read by the two-channel tag 
head hlG represent the input signals. There is a record starting 
signal, beginning with the 73rd and ending with the 75th rotation 
of the drum (narum = 30 rev./min), after which the counter 
returns to the zero position. The recording is obtained by a 
single general recording FM unit, the inlet and outlet of which 
are commutated to the outlets of monitors u„ (t) 4 - 0) and 

head inlets respectively. The recorded information v (/) is ad¬ 
mitted from the outlet of the storing nine-division counter, the 
last four divisions of which are reversible. This counter increases 
the value of pulse a by 32 times (the value of the pulse admitted 
to the inlet of the coimter from the measuring meter v(t) amounts 
to 10 mm). The recording v (t) is obtained by a pulse unit at 
the 75th revolution simultaneously with the recording of the last 
FM parameter. 

After the termination of the recording of the process a 
reproduction cycle begins immediately, which consists of the 
readings of information from the line-of-direction of the drum, 
on which the recording was made at the time when the stab 
was moving through the furnace, the heat content of the slab 
at a given instant of time is simulated. At first this is done 
for the slab leaving the furnace. Later, the readinp are made 
for the line-of-direction corresponding to the slab located at a 
distance of 1*28 m from the exit etc., and for 18 points, located 
along the length of the furnace, reckoning from the exit of the 
furnace. 

The algorithm of scanning for the indicated line-of-direction 
consists of the readings of the information recorded on the 
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entire track v and of the adding of this information in the 
scanning counter, and subsequent reading of this information 
in order to obtain the difference for the assigned value; thus, 
for a slab coming out of the furnace this difference will be 


JL 

a 


24‘85 
32 ^ 


0-77 


where L is the length of furnace. 

This algorithm is obtained from the line-of-direction scan¬ 
ning unit, which consists of a nine-division reversible counter 
and an assigned line-of-direction counter, the divisions of which 
are connected by the correspondence decoders. The second 


i=2,...,«-l (17) 

, a a . s 

where u=—, and — 

^ cys n 

Usually, such parameters of the process as thickness s of the 
heated number of slabs, thermal conductivity coefficient a, ther¬ 
mal capacity coefficient (specific heat) c, specific gravity y may 



counter is constructed in such away that it reads from the first 
counter the number which was previously entered into the 
latter, at the end of each reproduction from the cycle. The 
initial number (19) is entered into the counter at the end of 
the recording process and it represents the signal of the repro¬ 
duction cycle beginning. 

The output signal of the line-of-direction scanning unit opens 
(triggers) the exits of the FM reproduction xmit, and the in¬ 
formation passes to the exits of the function generators of the 
simulator. The closing of the exits is obtained by the terminal 
line-of-direction signal, which is represented by the tag marking 
of the last recorded zone. The simulation circuit for heating and 
cooling is shown in Figure 3, 

The simulation of the equations for the heating of a ‘thick’ 
material is, in principle, analogous to that for the equations of 
type (9) to (12), The block diagram for the simulation of these 
equations differs from that shown in Figure 5, in that instead 
of the simulation of equation (14) the following system of 
ordinary differential equations, which approximates equations 
(4) to (8), is simulated: 


be calculated with a sufficient degree of accuracy. These quan¬ 
tities can be introduced into the simulator of the process as the 
known disturbances. However, such a parameter as the coeffi¬ 
cient of heat exchange between the metal and the furnace oc is 
known only approximately, with an insufficient degree of accm'acy, 
In the case of heating metal in continuous reheating furnaces 
for the purpose of rolling it into sheets, a reliable measurement 
of the temperature of the metal being rolled can be made only 
after a certain stand of rolls where the metal has the thickness 
of a ‘thin’ material. This temperature may be used for the 
automatic setting of the unknown parameters of the system. 
However, in this case it is necessary to continue with the simula¬ 
tion of the process of cooling of the blank after its exit from the 
furnace up: to the instant of its temperature measurement. 

In the simplest case the process of cooling of the blank may 
be described by the equations 

6i^+Q=Gc (18) 

Q (19) 
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where 2^ is the time of heating of a given blank in the furnace, 
Qc the temperature in the mill, and bi^ cy^ where Sj, is the 

mean thickness in the rolling process, and the coefficient of 
heat exchange between the metaj and the surrounding environ- 
ment; coefficient % should also be described by the optimizer. 
Thus, the qualitative criterion of the accuracy of automatic setting 
of simulator K depends on two parameters a* and 

In this case it is expedient to determine the function K = 
as a mean quadratic deviation of the measured tem¬ 
perature of rolling Q u from the calculated temperature on the 
simulator fii (Tc) where is the time of cooling of the blank. 

t lQi-Qu(T;)Y 

where n is the number of blanks. Thus, the task of the two- 
channel optimizer is to find such values for coefficients a*, 
at which function R attains minimum value 

K (a*, aj) = min K (a*, a^) 

a*,«i 

In Figure 4 is given a complete block diagram for the optimum 
system of control for a continuous reheating furnace. 

For the above problem of construction of a temperature- 
distribution simulator for the metal moving along a continuous 
furnace by optimization based on parameters a* and oc^ it was 
possible to obtain a sufficiently high accuracy of operation of 
the furnace. 

Experimental Study 

The laboratory simulation of heating and cooling of slabs 
in a continuous reheating furnace, based on the method of 
simulation described above, was conducted on an installation, 
the block diagram of which is shown in Figure 3. The entire 


assembly for the simulation consists of the above-mentioned 
storage system with the magnetic drum MB and the EMU-8 
electronic simulating assembly units. The approximation of 
temperature in the operating space of the furnace was made as 
in Figure L 

The amplifier units 1, 2, 3, 4, 5 serve for the switching of 
the channels for the reproduction of temperatures, correspond¬ 
ing to the three zones of the furnace. Amplifiers 6-12 simulate 
the process of heating slabs in the furnace. The voltage at the 
outlet of amplifier 12 is proportional to the temperature of the 
slab at the exit from the furnace. This voltage serves as the 
initial condition for the simulation of cooling of this slab in the 
rolling process, which is achieved by amplifiers 14-18. At the 
outlet of amplifier 17 the voltage obtained is proportional to the 
temperature of the slab after the fifth stand of rolls. 

The obtained value of this temperature is compared with 
that measured by means of a photo-pyrometer. The adjusted 
resistances in the simulator are chosen so as to minimize the 
mean absolute deviation H of the calculated temperature from 
that measured: - „ 

S IQt-Qnl 

where n is the total number of slabs for which the data were 
available for simulation. In the test this number of slabs, n, was 
equal to 129 pieces. It was thus possible to tune a system for 
which the mean deviation H amounted to 6-3 ®C, whilst at the 
same time the maximum deviation 

max|Q-e,i| 

amounted to 22® C which indicates a sufficiently high accuracy 
of working of the simulator. 

Figure 5 describes an actual control circuit with an auto¬ 
matic simulator of the medium, which was tested on an actual 
continuous furnace under actual working conditions. The gen¬ 
eral block diagram of this circuit is shown in Figure 2. The part 



Key: 


Uoi and Ua^—controlling actions for 1st zone of furnace 
Ubj and Ub^—controlling actions for 2nd zone of furnace 
Uc—controlling action for 3rd zone of furnace 
FR—Photo-electric pyrometer 


—Rolling temperature 
bx and b^—constants 

Qg (Tg) —reheating temperature (reheating time) 
V—speed of travel of metal through furnace 
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of the simulator designed for the simulation of the process of 
heating (computation of the temperature distribution for the 
metal travelling through the furnace) and cooling is constructed 
on the analogue principle. 

The operational amplifier 4 and triggers Tp\ and Tpl serve 
for the switching-on of the temperature channels corresponding 
to the different zones of the furnace. Amplifiers 2 , 3,29/26 serve 
for the simulation of heating of slabs in the furnace, amplifiers 
13, 14 and the dividing unit D 3 to give a mean temperature of 
the slab, measured by a photo-electric pyrometer after the fifth 
stand of rolls, amplifiers 10 , 11 , 12 , 15 for the simulation of 
cooling the slab during the process of rolling and to give the 
absolute difference | |. Amplifier 16 serves to average 

out this absolute difference for five slabs. For transistors Tj, 
and T 4 and step finders Sh 1 and Sh 2 an optimizer is built, which 
automatically tunes up the parameters of the simulator for the 
minimization of quantity 

R=i:\Qi-Qn\ 


The remaining amplifiers, relay, and triggers belong to the con¬ 
troller part and serve for the realization of the optimum control 
law. The testing of the given system under working conditions 
for the control of an actual continuous reheating furnace showed 
that the given system is entirely efficient. Under these conditions 
the mean absolute deviation of the calculated temperature of 
rolling from the measured temperature amounted to 4*1 °C. 
The maximum value of the absolute difference reached the 
value of 9-5 °C. 

Under the actual operating conditions of the furnace its 
output varied within wide limits: from zero output with pro¬ 
longed stoppages to maximum output, reaching the values of 
75-80 t/h. In the absence of the optimiun system of control for 
the continuous furnace the scatter of the rolling temperatures 
of the metal after the fifth stand on an average amounts to 
60 ®C. With the use of the optimum system of control this 
scatter was reduced down to 20 °C, which should greatly improve 
the quality of the sheet being rolled and in fact increase the 
output. 


DISCUSSION 


D.E. Steeper, General Electric Company, Schenectady, N,Y., U,S,A. 

We have been studying the problem of automatic control of slab 
reheat furnaces, and therefore find this paper to be very interesting. 
The controller described by Professor Lerner is a special purpose 
device which requires the same number of controllers as there are 
number of furnaces. Our approach is to include control as an additional 
fimction for a hot strip mill process control computer, such as des¬ 
cribed by Beadle^. There are two reasons for this: ( 1 ) it eliminates a 
number of complicated special purpose controllers, and ( 2 ) the data 
required for furnace control, such as slab thickness, length, width, 
velocity, etc., are already stored in the computer or are readily com¬ 
puted from information required for mill control. However, this 
procedure a disadvantage in that the control method must be 
reasonably simple in order to reduce the amount of computer storage 
and time required. 

This is a complicated control problem, as Professor Lerner has 
pointed out, because it is a distributed parameter process and because 
suitable slab temperature sensors are not available. Also, a practical 
control scheme must be capable of handling numerous disturbances, 
such as variations in thickness, length, velocity (including zero 
velocity dming mill delays), and temperature of the slab entering the 
furnace. Since these variations are known, it seems quite practical 
to use a feedforward control with a low gain feedback from an optical 
temperature sensor located somewhere after the first rolling stand. 
Answers to the following questions would be helpful: 

{1) Figure 4 infers that only temperature Uc is controlled. It 
appears that temperature Ubx and possibly should also be con¬ 
trolled, which would require a new strategy. In addition, if five zone 
furnaces are used (which are becoming more common intheU.S.A.) 
and haye an additional set of upper and lower burners, additional 
temperature controls and control strategy are required. 

(2) Figure 1 indicates a length of the furnace having temperature 
Va followed by a length having temperature %. This is an approx¬ 
imation of the actual temperature profile. How do you determine the 
respective lengths? 

(3) During a. mill delay, the temperature is reduced to Ai, This 
will usu^y be high enough to do some heating while a = 0 , so that 
when rolling proceeds, a delay in the increase in gas temperature is 
requir^. What is yoiir control strategy for this case? 


(4) In the soak zone the slabs are subjected to one-sided heating, 
but in the other zones they receive two-sided heating. Shouldn’t this 
affect the value of slab thickness 5 ? 

(5) Following eqn (13), an equation is given for optimum control 
in the case of disturbance of type (A): 

17= t/(0 = e* + fcc(0^| =Q* + bv(t)Qt(L) 

The derivation of this equation is not clear, but by previous correspond¬ 
ence with Professor Lerner, we were directed to Reference 2 of this 
discussion, which it seems should have been referenced in the original 
manuscript. The far right-hand portion of this equation is not at all 
obvious, and is dimensionally incorrect. 

Also, in the case of disturbance of type (B), the optimum control 
is given as: 

u=^u(t) — Ai if 61 > 62 

« = «(/) = ^2 if 61 <62 

where Ai^u^A 2 

This is also presented in Reference 2 of this discussion, where use is 
made of Pontryagin’s maximum principle. This leads to a very peculiar 
and questionable control action, as illustrated in Figure 2 of Refer¬ 
ence 2 . That example is for the case where the furnace is full of thin 
slabs, and at time / = 0 thicker slabs start to enter the furnace. In the 
region 0 ^ ^ the gas temperature is maintained at a value 
suita.ble for the thin slabs. In the region tx<t^ t^, the gas tempera¬ 
ture is maintained at a maximum value and in the region fa <t^T 
the gas temperature is reduced to a value suitable for the thick slabs. 
The method of determining times fj and fa is not clear. For this 
example, it seems intuitively more correct to gradually increase the 
gas temperature in the region fi < f ^ fa» rather than a sustained, 
maximum temperature A^. Is this a result of tising a minimum integral 
squared error criteria, and is it the best criteria for this application? 

( 6 ) Has use of the optimizing control resulted in any fuel saving? 

The improvement in performance reported when th^ controller 
was put into use is encouraging. Additional test data would be very 
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useful, such as several slab temperatures during a thickness change 
both before and after the optimizing control was applied, and also per¬ 
formance following a mill delay. 
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A. Ya. Lerner, in reply 

(1) Undoubtedly, temperatures Ut)i and Ub 2 also should be used as 
control actions, but in this case the optimal algorithm would be 
considerably complicated. This is why we considered the case of only 
one control action in our paper. 

(2) The corresponding lengths were determined by furnace design 
and given thermocouples location. 

(3) When the rolling mill is stopped the temperature will not 
decrease to the value Ai, as K is not an instantaneous value of speed 
but an average value for a fixed time interval preceded by the mill 
stoppage, and consequently V ^ 0, 

(4) Yes, there are different values [s and s (2) assigned to the thick¬ 
ness s in different zones]. 

(5) The dimensions of all terms are correct and the dimension 
of the above-mentioned expression is temperature. Concerning the 
other remarks I should say that a steep increase of temperature up to 
the maximum value is quite permissible for thin slabs when there is 


no danger of surface melting. General overheating of slabs is not 
possible under the optimum control conditions. The optimizing 
control in the region < r < /g follows from the maximum principle 
and the moments /, and are defined from the corresponding condi¬ 
tions of transversatility. As for the other criteria providing smoothness, 
they seem to be unnecessary under the given set of general problems. 

(6) While doing the work we did not make it our aim to obtain 
any fuel saving. However, it seems to be quite possible that the 
optimizing control will provide some fuel saving. 

G. M. E. WiLUAMS, Northampton CollegOy St, John Street^ London 

E, C, I., England 

I have some difficulty with the insistence that ‘continuous processes* 
can only be best treated as space-position dependent and not as time 
dependent. The choice of the variable appears to me to be arbitrary 
in the mathematical sense of that term. The author’s use of the term 
‘continuous processes* is not in keeping with British terminology. The 
only part of the process he refers to which is continuous is the furnace. 
Each workpiece of material processed in the furnace is an individual 
item, treated in sets which we usually term batches. It would appear 
just as practical to conduct such an analysis on a time-dependent 
variable basis, as, in fact, is long-established practice in heat treatment. 
The link between space position and time dependence is the velocity 
of each workpiece through the process, and it is the quality of each 
individual workpiece after treatment which is the raison d^itre of 
the process. 

If one proceeds to apply the author’s analysis to truly continuous 
processes, as in the ‘process industries’ (oil refining for example) where 
the material is fluid and therefore amorphous, it would appear that 
only a time-dependent analysis is practical. 
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A Digital Optimal System of Programmed Control and 
its Application to the Screw-down Mechanism of a Blooming Mill 

S. M. DOMANITSKY, V. V. IMEDADZE and Sh. A. TSINTSADZE 


Summary 

A system of programmed control has been developed by the Institute 
Of Electromcs, Autonmtic and Remote Control of the Academy of 
lienees of the Georgian S.S.R. in conjunction with the Institute of 
Auto^hc and Remote Control of the U.S.S.R. Academy of Sciences. 
The basic unit of this system is a digital optimal servo system which 
1^ a number of characteristic properties. The electric motor drive of 
the optimal system worte at accelerations that are maximal and con- 
^•^**Va* ensures the greatest response speed and 

.simplifies the design of the computing part of the programmed- 
Mntrol system. The required system accuracy is ensured by the rfi giipl 
form in wMch the programme is given and executed. The .<!mgii 
quantity of information processed in unit time has made it possible to 
rather than a binary one, which improves the 
reliabihty and mterference-rejection properties of the system. The 
system is entirely built out of ferrite and transistor elements. 

This report gives a general description of the digital optimal pro¬ 
grammed rantrol system, and also a practical example of its appli¬ 
cation to the automatic control of the pressure mechanism of a bloom¬ 
ing mill; ^ device has passed through laboratory and factory 
testing, and by end of 1962 it was introduced into service at the 
Rustavi steelworks. 

Sommaire 

Ch« I’Institut ^ rfiectronique, du Rdglage Automatique et de la 
T6iecommande de 1 Acad6mie des Sciences de la R.S.S. de la Gtorgie 
on a a^vdoppd, avec le concours de I’lhstitut du R6glage Automatique 
et de la TCI&ommande de ru.R.S.S., un systeme de commande pro- 
gra^te, dont 1 umte de base se compose d’un servo-systeme Hiptni , 
optimal ayant quelques propridt^s assez distinctes. Le m^canisme de 
commande dlectrique du systeme optimal marche avec an»itf.rations 
i^imalte dont la magnitude est constante. Ainsi on s’assure pour la 
r6ponse la wtesse la plus grande possible, pendant que le dessin de la 
p^e calciUatnce du systeme de commande programm6e est simpli- 
flee. L ex^titude que Ton exige dans up tel systeme est assurte par la 
presentation et 1 execution du programme en forme digitale. Farce que 
1 on ne travaille qu’une quantite minimale d’information par chaque 

a pulsations 

a Ja p^ d un code binaire, ce qui ameiiore la certitude du systeme 

‘^^'^eements. Le systeme se compose seulement 
a elements de femte et de transistors. 

Ce rapport donne une description g6n^rale du systeme de com- 
mande programm^ digitale optimale; il cite 6galement un exemple 
pratique de 1 emploi du systeme pour la commande automatique du 
m6::amsme de pression chez un laminoir k blooms: appareil que Ton 
a ims U epreuve dans le laboratoire ainsi que dans I’usine et que Ton 
esp^rait introduire k la fin de Tan 1962 chez I’aci^rie de Rustavi 


Vom Institut fiir Elektronik, Steuerungs- und Regelungstechnik de 
^demie der Wissenschaften der Sozialistischen Sowjetrepubli] 
Georpen ^de m Zusammenarbeit mit dem Institut fUr Steuer- un( 
Regelungstechnik der Akademie der Wissenschaften der USSR eim 
f^^wick^^ I^as wichtigste Bauteil des Systems is 
erne digitale Optimalsteuerung mit verschiedenen besonderen Eigen 


schaften. Der elektromotorische Antrieb des Optimalsystems arbeitet 
mit maximalen Beschleunigungen konstanten Betrages. Dadurch wird 
grbfite Amprechgeschwindigkeit sichergestellt und der Entwurf des 
Rechnerteils der Programmsteuerung erleichtert. Die erforderliche 
Systeni-Genauigkeit ist dutch die digitale Darstellimg des Programmes 
und seiner Durchfiihrung gesichert. Die geringe Mormationsmenge, 
die pro Zeiteinheit verarbeitet wird, ermbglichte die Verwendung 
eines pul^ahlenden Codes anstelle eines Binar-Codes, wodurch die 
ZuverlSssigkeit und das StOrverhalten des Systems verbessert wurden. 
Das System ist nur aus Fenit- und Transistor-Elementen aufgebaut. 

pieser Beitrag gibt eine allgemeine Beschreibung der digitalen 
optimalen Programmsteuerung sowie ein praktisches Beispiel seiner 
^wendung auf die Regelung des Waizdruckes bei einer Block- 
Brainmen-StraBe, Diese Vorrichtung wurde im Labor und im Werk 
gepriift und Ende 1962 im Stahlwerk Rustavi in Betrieb genommen. 


Introduction 

Digital servo programmed-control systems are finding con- 
^ually wider applications in various branches of industry: 
in particular, they are used for the automatic control of screw- 
down and other mechanisms of rolling mills, for the control of 
various moving parts in control systems for metal-cutting 
machine tools, and in a number of other instances. The operation 
of such mechanisms normally falls into two stages. In the first 
stage the device must choose or compute an optimal progr amm e^ 
working on the basis of information about the requirements for 
the technological process, about the condition of the plant, 
about external perturbations, etc. In the second stage the given 
programme must be carried out according to an optimal law. 
The term ‘optimal law’ is normally taken to mean the carrying 
out of the given displacements with the maximum possible 
respoi^e speed and with the required accuracy; in addition a 
condition is often included covering requirements on control' 
response quality. 

While the function of choosing an optimal programme is 
not necessarily inherent in the digital control system itself, 
particul^ly when it operates in a complex installation with a 
controlling computer, the function of carrying out the given 
displacements according to an optimal law must still be organic¬ 
ally inherent in the digital servo system. If this requirement is 
not satisficed) such systems cannot be considered fully efScient, 
sinc^ for many mechanisms, e.g. manipulator jaws, shl&ars and 
rolling-mill pressure screw-down, the response speed and 
accuracy determine the productivity and output quality of the 
whole line. 

A system of programmed control has been developed by the 
Institute of Electronics, Automatic and Remote Control of the 
Academy of Sciences of the Georgian S.S.R. in cooperation 
with the Institute of Automatic and Remote Control of the 
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U.S.S.R. Academy of Sciences. The basic unit of this system 
is a digital optimal servo system which has a number of character¬ 
istic properties. The electric motor driye of the optimal system 
works at accelerations that are maximal and constant in magni¬ 
tude. This ensures the greatest response speed and simplifies the 
design of the computing part of the programmed-control 
system. The required system accuracy is ensured by the digital 
form in which the programme is given and executed. The small 
quantity of information processed in unit time has made it 
possible to use a pulse-counting code rather than a binary one, 
which improves the reliability and interference-rejection prop¬ 
erties of the system. The system is entirely built out of ferrite 
and transistor elements. 

This report gives a general description of the digital optimal 
programmed-control system, and also a practical example of its 
application to the automatic control of the screw-down mecha¬ 
nism of a blooming mill; this device has passed through 
laboratory and factory testing, and by the end of 1962 it was 
introduced into experimental service at the Rustavi steelworks. 

Design Principles of the Programmed-control System 

The basis of the system developed for programmed control 
is the optimum principle; the execution of the required displace¬ 
ment takes place at limiting values of the restricted coordinates, 
especially of the torque and rotation speed of the motor. 

For the case where the drive control system has negligible 
inertia. Figure 1 will clarify the above; it shows the law taken 
for the variation of the control action Fy, and the curves of 
motor torque and speed n. The figure shows that during 
run-up and braking the drive maintains the constant maximum 
permissible value of torque developed by the motor. When 
executing large displacements, after the motor has reached its 
maximum speed Wmax it is automatically switched over by the 
drive circuit to operate at that constant speed (point MS on 
Figure i). The instant of braking (point is chosen by the 
control system such that only a relatively short path remains 
to be traversed up to the instant when the speed is reduced to 
10-12 per cent of the maximum (point CS), The execution of the 
rest of the path to the required low speed is automatically 
performed by the drive circuit, and ensures maximum accuracy 
in carrying out the programme. Figure 1 shows that the variation 
of drive speed with time follows a trapezoidal law. For small 
required displacements the motor does not have time to run up 
to its maximum speed, and the speed variation follows a 
triangular law. 

The above-mentioned properties of the drive allow the 
controlling part of the programmed-control system to be 
considerably simplified* since in this event it only has to generate 
and execute commands for starting the drive in the required 
sense, for braking and for stopping the drive. 

The design logic is very simple for that part of the control 
system whose purpose is to start the c(rive in the required sense 
and to determine the instant for generating the command to 
stop the drive; it is suitable both for control of low-power 
drives that have no links wth appreciable inertia, and also for 
qpntrol of high-power drives with large inertia. The required 
displacement path and sense of rotation of the motor are deter¬ 
mined by comparing the given programme with the actual 
position of the controlled mechanism (to give an error signal). 
During the execution process the path traversed is continuously 


compared with the initial error; the command to stop the drive 
is generated at the instant when these two quantities become 
equal. 

The programme is given in terms not of previously defined 
initial errors, but of absolute values of position-coordinates for 
the controlled mechanism. This avoids the possibility of errors 
accumulating from excution to execution, and also the need for 
the controlled mechanism to be set initially in a closely defined 
position. 

The part of the system that determines the instant for the 
command to start braking has a relatively more complex 
design logic, and also takes different forms in systems for con¬ 
trolling the two different types of drive mentioned above. 



Figure 1 


For systems controlling inertia-free drives the ratio between 
the paths traversed on braking and on the run-up Sf is a 
constant and equal to the ratio between the absolute values of 
acceleration on run-up and on braking a^: 



Taking into account the condition that should be satisfied: 

A 

where A is the required execution path (i.e. the initial error), 
one gets 

A-S,(l-hk) (2) 

This expression defines the design logic for the part of the 
system determining the instant, for the command to start 
braking: the path traversed by the drive during the run-up is 
contmuously multiplied by the fixed quantity 1 -h and when 
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the resultant quantity becomes equal to the initial error A, then 
the command is generated to start braking. 

For large displacement, when the drive has time to run up 
to its fixed maximum speed, the full displacement path must 
consist of three terms: 

where is the path traversed at the constant maximum speed. 

By using eqn (1) it is found that 

A=S,(l + fc)+S^ (3) 

This expression shows that the device for determining the 
instant to start braking should be designed on the following 
principle: the path traversed during the run-up is continuously 
multiplied by 1 -f to the value obtained at the instant of 
reaching the maximum speed the path traversed at that speed 
should continue to be added; and when the resultant quantity 
becomes equal to the initial error, then the command should be 
generated to start braking. It can readily be seen that expres¬ 
sion (2) is a particular case of expression (3). 

It has been assumed in the above discussion that the drive 
accelerations on run-up and braking are constant, therefore their 
ratio k is constant also. But in practice k may vary between 
certain limits, which are not actually very wide; hence its maxi¬ 
mum possible value is set into the computing device in question. 
With k smaller than the maximum, the last few millimetres of 
the path will be executed at a low speed, as has already been 
pointed out. 

But in those cases where it is particularly vital to minimize 
the time of execution, self-adjustment may be introduced into 
the control system for the quantity k set into it. It is simplest to 
operate the self-adjustment according to the results of the 
completed execution, and for the self-adjustment criterion one 
should take the minimum of the path length executed at low 
(creep) speed and also of the overrun path beyond the 
required point. 

The ratio of the path A — S^s to the run-up path is denoted 
by y, and sufiixes are given to all symbols as follows: 1 to 
indicate the previous action and 2 to indicate the next action. 
Then one can write 

Since the creep speed is small enough one has: 

= 'Sri (1 + fe) + Scs\ + 

Since the aim of the self-adjustment is to establish the 
equation 

72 “ 1 + 

one gets 

Srosl “ ’ 72 + Scsl 

whence 

_ ^1 ^msl ^csl _ Sfflyi Scsl 

Ai — 

7l 

Finally one has: 


72 = 7i 



(4) 


Employing an analogous argument for the case of overrun 
beyond the required point, one can write with sufficient accuracy 

where iSroi is the overrun on the previous action. 

Expressions (4) and (5) indicate the design logic for devices 
to give self-adjustment of the quantity k set into the system. 

In control systems for high-power drives the presence of 
large inertia means that the current, and hence the motor 
torque, does not vary in a stepwise manner as shown in Figure 7, 



Figure 2 



but much more slowly. This is evident from the oscillogram 
given in Figure 2, recorded for the motor of a blooming-mill 
screw-down mechanism. 

For this reason, and also because considerable static loading 
is present, the motor speed, while varying with time in a roughly 
triangular law, lags behind the voltage during the run-up, and 
after the start of braking there is no instantaneous reduction 
in speed; in fact it even goes on increasing for a certain 
time. Hence the ratio of the complete path to the run-up path 
required by the condition for optimal operation, which is a 
constant in the case of relatively low-powered drives with fixed 
characteristics, proves here to depend on the magnitude of 
the full action path itself, this dependence being of a complex 
non-linear nature. The relation y — /(A) has been derived 
analytically for the screw-down miechanism of a particular bloom¬ 
ing mill and has then been checked on the mill itself, as shown 
in Figure 5. It should be noted that the curves for upwards and 
downwards motion are somewhat different, and the graph in 
Figure 3 has been drawn from certain averaged-out values. 

In the progranuned-control system developed for the 
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blooming-mill screw-down mechanism, the complete range of 
possible displacement values has been split into eight groups: 

(1) less than 16 mm 

(2) 16-32 mm 

(3) 32-48 mm 

(4) 48-64 mm 

(5) 64-96 mm 
96-128 mm 

(7) 128-192 mm 

(8) greater than 192 mm. 

The use of narrower intervals for small A is explained by the 
nature of the curve y = / (A), whose slope gradually diminishes. 
The choice of the limits for the ranges was determined by the 
ease with which the given division could be engineered. 

A special device forming part of the controlling part of the 
system automatically estimates the value of the initial error 
before each action, determines the group into which it falls, and 
sets up the mean value of y corresponding to that group. The 
execution process itself proceeds similarly to that for the control 
of relatively low-powered motors, the nature of it being optimal 
in this case also by virtue of the fact that the run-up and braking 
accelerations are still constant and correspond to the maximum 
permissible torque value. It is only in the first two groups, for 
rarely met small displacements, that the excessively wide limits 
of variation of y make it practically impossible to combine the 
optimum principle with accuracy requirements. Hence for the 
first group an action is used that is from start to finish at a lower 
speed equal to 10-12 per cent of maximum, while a limited 
speed is used for the second group. 

If it is necessary to introduce self-adjustment of the quantity y 
set into the control system, in this case it is evidently most 
desirable to apply the principle of altering the y for a given 
group by the same increment at each repetition of a A corre¬ 
sponding to that group. A very complex installation would have 
to be designed in order to be able to apply the principle of self¬ 
adjustment of y after the very first action. 

Operation Algorithm of the Programmed-control System for the 
Screw-down Mechanism of a Blooming Mill 

A system designed according to the above principle for con¬ 
trolling high-powered drives has two memory devices for rolling 
programmes: 

(1) A static programme store i^SFS) for long-term storage 
of feed programmes specified according to the technological 
set-up for rolling at the works—40 programmes in all, with a 
maximum number of passes up to 23. 

(2) A variable programme unit {VPU) for programmes that 
change often and are not stored in the SPS. There are two 
means for recording programmes on the VPU: (a) Manual 
recording using a telephone dial, and (b) Automatic recording 
of a rolling programme carried out imder manual control by 
an operator. This allows one to use the system for automatically 
rolling a series of roughly identical unconditioned ingots for 
which no feed programme is yet in existence. The operator uses 
his experience to roll the first of this series of ingots, the gap 
sizes set on the rolls being automatically recorded on the VPU 
during the rolling; the remaining ingots of the series are then 
rolled according to this recording. 


As well as these methods of use, the VPU can also be con¬ 
nected to a computer calculating optimum rolling program¬ 
mes. A single programme containing up to 35 passes may be 
recorded on the VPU, 

In the developed system the size of the required gap between 
the rolls is given in the form of a ten-digit binary number, ex¬ 
pressed in millimetres and equal to the distance from the initial 
point of a given position of the upper roll. 

The operational algorithms for the systems of control from 
the SPS and from the VPU are basically identical; they contain 
the following operations or elements: 

(1) Choice of operating regime (automatic operation from 
SPS or from VPU), 

(2) Choice of the necessary programme (when workmg 
from SPS), 

(3) Setting up the computing equipment to the initial position. 

(4) Feeding in, from the programme store, of information 
on the assigned position for the upper roll. 

(5) Determination of the actual position of the upper roll 
(interrogative operation) and computation of the initial error 
signal. 

(6) Determination of the direction of rotation of the 
motor. 

(7) Setting up the value of the coefficient y. 

(8) Start of operation. 

(9) Attainment of maximum speed by the drive. 

(10) Determination of the instant for braking to start, 
generation and execution of the relevant command. 

(11) Transition of the drive to creep speed. 

(12) Determination of the instant for stopping the drive, 
generation and execution of the relevant command. 

(13) Transition from the given pass to the next one, all the 
operations from (3) to (13) then being repeated. 

All the operations are carried out automatically except for 
(1) and (2) where the operator has to press the relevant push¬ 
buttons. 

The automatic recording of a programme on the VPU with 
manual control follows this algorithm: 

(1) Choice by the operator of the relevant regime. 

(2) Setting of the upper roll to the required position. 

(3) Setting up the computing equipment to the initial position. 

(4) Interrogation of the measuring equipment to give the 
position of the upper roll, and translation of the resulting in¬ 
formation into binary code. 

(5) Transmission of the information to the VPU. 

(6) On proceeding to the next pass, all the listed operations 
from (2) to (5) are repeated. 

Operations (3), (4) and (5) are carried out automatically 
one after the other. 

A programme can be set manually into the VPU using the 
telephone dial while the system is in operation from the SPS. 

Block Dis^ram of Programmed-control System 

The block diagram of the control system is shown in Figure 4. 
One of the fundamental elements of the system is a measuring 
unit MU of original design. It fulfils two functions: (1) on 
receiving an interrogation command it makes a single deter¬ 
mination of the actual poMon of the upper roll, and gives out 
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a number of pulses equal to the gap between the rolls in milli¬ 
metres, and (2) it signals the path traversed, giving out during 
the execution process a pulse for every millimetre traversed. In 
order to carry out these tasks the MU has two independent 
channels, one each for mterrogation and for execution. It is 
linked to the screw-down mechanism by a synchro transmission. 
The interrogation operation takes place when the rolls are 
stationary during the rolling of the metal. 

A reversible binary coxmter RC is used to determine the 
magnitude of the initi^ error signal A, to derive the stop com¬ 
mand and to record the rolling programme on the VPU, For 
convenience in the design of the computer section, the counter 
determinesnotAbutitscompl^entA = C — A,HereC=l*024 
is the counter capacity. The demand (Z>) in the form of a ten¬ 
digit binary number in direct code is introduced into the RC 
by a parallel means. Then the interrogation command is sent out, 
and the RC receives from the MU a number of pulses (O) corre¬ 
sponding to the actu^gap between the rolls expressed in the 
complementary code O = C — O. Hence the resultant number 
in the counter is + O. Two cases arise: 

(1) Z)<O. In this case the upper roll must be displaced 
downwards by an amount A = 0 — D. In the counter one gets: 


2)-h®=i)+(C-4>)=:C~(®-jD)=C-A=A 

(2) D > 0. In this case the upper roll must be displaced 
upwards by an amount A = D — <I>. So that the quantity A 
should be derived in the counter also in this event, interrogation 
pulses must be added to D only till the counter is full; from 
that instant the switch SW puts the counter into the subtraction 
mode, and the arrival after this of the number 

(C-®)-(C-D)=D~0=A 
of pulses from the MU gives in the counter the quantity 
C-A=A 

During the execution the counter always operates in the 
addition mode. When it receives from the MU a number of 
pulses equal to A, it overflows 

A+A=C-A+A=C 

and gives a pulse from its last digit that is used in the command 
unit CUl to generate the ‘stop’ command.' 

A straightforward logic designed into the command unit 
CUl generates the command ‘up’ or ‘down’ according to 
whether the binary counter has overflowed or not during the 
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interrogation process. These commands are passed to the logic 
unit for the drive control. 

A transfer register connected to the reversible counter and 
repeating all its actions serves for the transfer of the quantity A 
derived in the counter to the device for determining the coeffi¬ 
cient y and to the non-reversible binary counter BC that serves 
to determine the instant for giving the command to start brac¬ 
ing. It is also used when a programme carried out by a rolling 
operator is being recorded on the KP17. In this event the re¬ 
versible counter is put into the subtraction mode, and then inter¬ 
rogation of the Ml] is carried out. As a result one obtains in the 
counter and the transfer register the magnitude of the gkp 
between the rolls in direct code: 

C-$=C-(C-0)=® 

This information is read out in the transfer register and trans¬ 
ferred to the VFIJ by a parallel means. 

The frequency divider FD serves to generate the various 
values of the coefficient y. It consists of a normal binary counter 
to the cells of various digits of which are connected the inputs 
of switches Thus, for example, if the outputs of the 

first, fifth and seventh digits are connected to any switch, then 
when 128 pulses arrive at the input of the frequency divider 
from the 64 +• 16 + 1 = 81 pulses will reach the switch. 
If the output of this switch is connected to the input of the 
third digit of the braking binary counter, then evidently the 
coefficient y = 81/128 • 4=2= 2*53. 

The role of the device described later for determining the 
quantity y consists in opening one of the switches K^KIO which 
will set up the required value of y for a given A. 

Since A has already been recorded in the braking counter, 
therefore when A/y pulses have been received from the MU the 
counter becomes full and its last digit gives out a pulse that is 
then used in the command unit Ct/1 for forming the braking 
command, realized by the drive control logic unit. 

If, before the braking counter becomes full, the drive has 
time to run up to its fixed maximum speed, then from that in¬ 
stant all the switches KA--K\0 are closed, and by opening 
switch J5:3 the number of pulses originated by the measuring 
unit is passed to the first digit of the counter. This carries out 
the logic for determining the instant to start braking, as already 
described. 

The next section describes the devices for automatically 
limiting the maximum drive speed and for transition to creep 
speed during the braking process. The path length traversed at 
creep speed is 3-5 mm. 

The system is started up automatically by a photoelectric 
relay system at the instant when the metal leaves the rolls. But 
because the motor has a delay of 0*6 sec in starting, a correspond¬ 
ing advance must be introduced. This is achieved by a special 
assembly that indirectly measures the speed of the metal and 
generates a pulse to start the system calculated so that the drive 
starts at the instant when the metal leaves the rolls. This as¬ 
sembly is not shown in Figure 4, 

The system also contains a number of . elements that carry 
out various logical functions required for the sequencing of the 
operations, for their automation, etc. In particular, a photo¬ 
electric relay unit is mounted on the mfil for automatic drive 
Starting. 

The system provides for control of the most responsible 
qperation—the stopping of the drive at the correct time. For 


this purpose the reversible counter is duplicated. The outputs 
of both counters are fed to a special control logic unit. If over¬ 
flow pulses are not generated simultaneously by both counters, 
this unit gives out a stop pulse and a fault signalling pulse; if 
both overflow pulses arrive simultaneously, it generates only a 
stop pulse. 

Certain Basic Elements of the Control System 

(1) Electric Motor Drive and its Control 

The electric motor drive for the blooming-mill adjustingscrews 
is designed as a generator-motor system. A 375 kW d.c. generator 
powers the two 180kW adjusting-screw motors connected in 
series, and is controlled by a 4*5 kW amplidyne. 

The drive must provide for the execution of a prescribed 
path according to the optimal speed curves given in Figure 1. 
In this connection the following requirements are placed on 
the drive: 

(1) In order to obtain the maximum response speed, the 
motor current must be held equal to the maximum permissible 
during run-up and braking. 

(2) Limitation of the maximum rotation speed of the motor 
is necessary. 

(3) During the braking process an automatic transition must 
be ensured to the creep speed n — Wmin. 

(4) Heavy braking is necessary when the drive is finally 
stopped from creep speed. 

The layout of a drive satisfying these requirements is shown 
in Figure 5* The control windtog Wl of the amplidyne is con- 
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nected to the output of a three-state semiconductor trigger circuit 
which receives control pulses from the drive control logic unit. 
The run-up and braking of the drive take place at an invariable 
value of motor current = (40i„ax, which is achieved by the 
use of strong negative current feedback in the armature circuit 
(feedback winding WA\ with a feedback gain of 8-10. For 
large error signals, when the voltage at the generator terminals 
reaches its maximum value, depending on its polarity, one of the 
stabilovolts ST strikes. This causes the maximum-speed relay 
RMS to operate and apply the generator voltage to winding W3, 
The current flowing in this winding sets up a negative feedback 
that limits the generator voltage and consequently the motor 
rotation speed. 

The creep speed is obtained by means of the twin-winding 
relay RCS, This relay is operated at the start of the execution 
by one of the windings being energized. At the start of braking 
this winding is de-energized, and the relay is held on only by the 
action of the second winding, which is energized from the 
generator output voltage; as this voltage falls in consequence 
of the braking process, the relay drops out and causes a strong 
negative feedback to be applied, which together with the change 
in the polarity of the current in the amplidyne control winding 
sets up a speed that is about 10 per cent of the maximum. 
Eflident braking from this speed on stopping is achieved by the 
self-damping of the generator on the removal of the control 
action from the control winding 1^1. * 

As stated above, the drive control equipment consists of a 
three-state power trigger circuit whose output is connected 
through a balanced semiconductor amplifier to the amplidyne 
control winding Wl. 

In order to obtain the required variation in the control 
action, pulses must be supplied to the appropriate inputs of the 


trigger circuit. The order of application of the pulses depends on 
the direction in which the upper roll has to be displaced; it is 
developed by the drive control logic unit. 

Signals are fed by six channels to the input of this unit from 
the digital control system and the drive circuit. These commands 
are as follows: selected direction of motion (up or down), 
clearance to start, braking, transition to creep speed, and stop. 
From these commands the logic circuit derives the signals 
that go to the appropriate trigger circuit inputs. 

(2) Static Programme Storage 

The static programme storage SPS (Figure 6) is a matrix 
memory device in which binary numbers forming a programme 
are recorded by means of networks of semiconductor diodes. 
It consists of a distributor, a programme unit and a numerical 
unit. 

The distributor (see the bottom line of Figure (5) sequentially 
sends out a read pulse to the programme unit (second line of 
Figure 6) in accordance with the sequence of passes making up 
each programme; it is a device without moving parts that 
switches from pass to pass. The maximum number of passes in 
the programmes is 23, and so the distributor has 23 digits 
(23 ferrite-transistor cells). 

The programme imit . consists of 23 ferrocart programme 
cores, each of which has one primary winding connected to the 
distributor and 40 secondary windings (one for each fixed pro¬ 
gramme), The secondary windings of all the cores for a given 
programme are all connected at one end to a common bus, 
while the other ends go to the diode numerical matrices. Selec¬ 
tion of the required programme is made by connecting one or 
other of these secondary-winding bus-bars to the output bus 
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(H- on the diagram). Thus the operator needs only to press a 
button on the control desk to select the required programme. 

(3) Variable Programme Unit 

A fundamental element of the VPU is its storage ST^ con¬ 
sisting of a ferrite matrix on which 35 ten-digit numbers can be 
recorded. Each core of the matrix has four windings: erase 
(reset), input of numbers, write (also serving as read-out 
winding), and output {Figure?), The carry-in and output 



windings of the ferrites for the same digit are connected in 
series (35 ferrites each); the write and read-out windings of all 
the ferrites for a given number (pass) are also connected in 
series (10 ferrites each). 

The operation of the storage is based on the well-known 
Cambridge principle. But the design logic and circuit are 
original and very simple. 

For the recording of a number in the store, pulses are 
applied to the input shaping circuits for the appropriate digits. 
At the same time an activation pulse is applied to the distribu¬ 
tor, 35 of whose cells have their outputs connected to the corre¬ 
sponding write and read-out windings. Figure 8 shows the form 
of the pulses generated by the distributor and shaping circuits, 
and also their relative timing. The sense of the current corre¬ 
sponding to the top part of the pulses is for read-out. Hence, 
as is clearly seen from Figure 5, the superposition of the two 
magnetizations on the ferrite at the start only confirms the 
absence of recording, while later on (when the bottom parts of 
the pulses in Figure 8 coincide) a 1 is written, 
k^When reading out numbers, an activation pulse is supplied 
each time to the distributor, and the pulse coming from it 
performs the read-out. So as to regenerate the read-out number, 
feedback is taken from the output shaping circuit of each digit 
to the input shaping circuit for the same digit, resulting in the 
appearance of a pulse from the input shaper almost at the same 
instant as a register pulse appears; but the relation of the 
initial parts of these pulses is such that this attenuates the read¬ 
out pulse only negligibly. A coincidence of the magnetizations 
(the lower halves in Figure 8) brings about regeneration of the 
number—^its re-recording. By this means the recorded pro¬ 
gramme may be reproduced a , practically unlimited number 
of times. 

As already pointed out, the recording of a rolling programme .. 


carried out by an operator under manual control is achieved by 
means of the reversible counter included in the system. There is 
a special original device for the manual recording of programrnes. 
A number is dialled on a somewhat modified telephone dial, 
taking its digits in sequence one after the other. To record the 
number 253, for example, 2, 5 and 3 are dialled in sequence, 
while to record 72 one dials 0, 7 and 2 in sequence, etc. The 
dial has two contact systems: one for numerical pulses and one 
for control pulses, which are fed out on separate channels. The 
dial is designed so that when one dials zero only two control 
pulses are generated (one each for clockwise and anticlockwise 
rotation of the dial); when one dials I there is one control pulse, 
one number pulse and then another control pulse, etc. The 
control pulses thus generated serve to activate the six-digit dis¬ 
tributor controlling the recording system. The outputs of its 
cells control switches in such a way that the first switch (hun¬ 
dreds) is open at the instant when the number pulses come 
through for the first digit of the number to be recorded, the 
second switch (tens) for the second-digit pulses, etc. These 
pulses are passed from the switches to a binary counter that 
serves to form the binary code for the number {Figure 9). 

This device works on the principle of introducing pulses 
into the digits of the binary counter in such a way that the 
sum of their values equals the number of pulses received. 
For example, since the number 100 has the form 1100100 in 
binary code, for every pulse arriving from the first switch 
(hundreds) one pulse is put into the third, sixth and seventh 
digits of the binary counter; so as to avoid disruption of the 
computation in the event of digits being carried from lower to 
higher columns, these pulses are not supplied simultaneously to 
all three of the digits mentioned, but spaced by a time delay 
which is enough to allow the carry to take place. 



After the dialling of the third figure is complete, the final 
control pulse causes a pulse to be sent out from the output of 
the sixth cell of the distributor, which in its turn brings about 
the transfer into the store of the number formed in the counter, 
followed once more by the preparation of the first cell of the 
distributor. This makes it possible to dial numbers continuously 
one after the other. The correctness of the dialling may be 
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(Recked on a visual indicator of diaUed numbers, which uses 
three dekatrons. The operator has the facility of erasing a 
nmnber when necessary by pressing a button (shifting the dis- 
tnbutor backwards by one cell), and of then recording it again. 

(4) Coefficient Selection Unit 

Figure 10 shows the block diagram of this unit. As has 
^eady been stated, the quantity y is chosen in accordance with 
^e value of A, while the whole range of variation of A is divided 
into eight groups. 

The umt contains three basic elements r 

(1) Ferrite assembly (top line in Figure 10). These ferrite 
cores serve for the estimation of the vaMe of A, and are con¬ 
nected into the lines for transferring A from the reversible 
counter to the braking counter. There are eight of them alto¬ 
gether, and on them are wnttM the ei^t highest digits of A. 

(2) Switch assembly (middle line in Figure 10). The switches 
seive to control the lines for various values of y. Since, as was 
pointed out, the execution for one group of A (from 0 to 16mm) 
is carried out from start to finish at creep speed, the munber of 
switches is one less than the number of groups, i.e., seven. 

(3) Transformer assembly (bottom line in Figure 10), The 
trarisformers have ferrocart cores, and each serves for the 
setting up of a certein value of y. For this pmpose each core has 
several prii^y windings, to which are connected the outputs 
of those digits of the frequency-divider that are required to 
give the necessary value of y. The secondary (oufrrat) winding 
of the core is coimected to the input of the corresonding switch. 

The estimation of the value of A is based on the following 
principle: 

Since what is written on &e ferrite cores not the value of 
A itself but its complement A w.r.t. 1024, Ae foUowing picture 
is obtained for various groups of values of A : 


(1) A ^ 16: I’s are written in all the digits from the fifth 
upwards; one or more of the cores for the first four digits 
contains a 0. 

(2) 16 < A ^ 32: I’s are written in all the digits from the 
sixth upwards; the core for the fifth digit contains a 0, 

(3) 32 < A ^ 64: I’s are written in all the digits from the 
seventh upwards: the core for the sixth digit contains a 0. 

(4) 64 < A ^ 128: I’s are written in all the digits from the 
eighth upwards: the core for the seventh digit contains a 0. 

(5) 128 < A: one of the digits from the eighth upwards 
contains a 0. 

Making use of the above, the device is designed in the 
following manner. 

Immediately after A has been recorded on the ferrite cores, 
it is read out with polarity such that those cores containing 0*s 
give pulses in their output windings. After amplification by 
triodes, these pulses are passed to windings for opening switches 
corresponding to these cores. So that several switches should 
not open all at once, the opening winding for each is connected 
in series with the shut-off windings for all the switches corre¬ 
sponding to cores of lower digits. Thus each time only one 
switch opens, corresponding to the core of the highest digit in 
which no 1 is written. 

To consider the means by which certain of the above inter¬ 
vals are spHt into two, the interval 32 < A ^ 64 is taken as an 
example. This is split into the two parts (1) 32 < A ^ 48 
and (2) 48 < A ^ 64. 

In addition to the conditions for this interval, ah extra one 
will exist for the first half—the presence of a 1 in the fifth digit: 
while for the second half it will be the absence of a 1 in the 
fifA digit. In order to. control the satisfaction of these con¬ 
ditions, an extra ferrite core is connected in the transfer line 
for the fifth digit, and on read-out it gives a pulse in its output 
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winding when a 1 is present on it. This pulse is amplified by a 
triode and closes a switch corresponding to the band 48< A<64, 
and in spite of the fact that on all occasions when 32< A ^64 
the switches for both parts of this interval receive opening 
pulses, nevertheless for 32 < A ^ 48 only the switch for this 
band is open. For 48 < A ^ 64 the main ferrite core for the 
fifth digit closes this switch, and only the switch for the band 
48 < A ^ 64 remains open. 

The other intervals are split up in a similar manner. 

(5) Start Pulse Advance System 

As was observed earlier, the task of this system is to generate 
a pulse for starting the drive at a certain roughly constant time 
(about 0-5-0-6 sec) before the metal comes out of the rolls. This 
calls for an estimate of the speed of motion of the ingot up to 
that instant. 

For this purpose two photoelectric relays are mounted on 
either side of the rolls, at distances of 0*5 and 1 m from the 
plane of the axes of the rolls. These relays control the mode of 
operation of a special reversible counter and a fixed-frequency 
generator supplying pulses to this counter at frequency/. 

Let t be the time of advance, Wj the number of pulses which 
reach the counter from the instant of obscuration of the first 
photocell until the obscuration of the second, n the number of 
pulses that should reach the counter from the instant of ob¬ 
scuration of the second photocell until the generation of the 
start pulse, and C the counter capacity. • 


AND ITS APPLICATION TO THE SCREW-DOWN MECHANISM 

Then, if for practical purposes the assumption that at the 
end of its passage the velocity of the ingot is constant may be 
taken as acceptable, one must have: 

The constant quantity / ‘/is first set into the counter, which 
is put into the subtraction mode. At the instant when the first 
photocell is obscured, a pulse switch is opened, and until the 
instant of obscuration of the second photocell n^ pulses enter 
the counter. The following quantity is obtained in the counter: 

C+f*/ — Wj 

From this instant the counter is switched into the addition 
mode, and when n=^ — ff pulses have entered it a pulse 

appears from its last digit, which is in fact used for starting 
the drive, 

(6) Measuring Unit 

As has been stated, this unit has two channels: interrogation 
and execution. Position transmitters with oscillatory circuits are 
used for both channels, and both are equipped with discs 
having tooth-like perforations round their edges. The disc for 
the execution channel is linked by a synchro transmission to the 
screw-down mechanism, while the disc of the interrogation channel 
is continually rotated by a small motor. Pulses appear in the 
channels when the teeth of the discs enter the inductors of the 
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corresponding channel sensors. The instant for starting the count 
of interrogation pulses is determined by a transmitter of the 
same type, for which there is one special tooth on the peripheiy 
of the disc. The instant for stopping the interrogation is de¬ 
termined by a special electromagnetic sensor, which gives out 
a pulse when a magnetic circuit linked by its parts to both discs 
is closed. The measuring circuit is designed entirely from con¬ 
tactless elements. 


Conclusion 

In conclusion it should be noted that the tests of the pro- 
grammed'^ontrol system for the screw-down mechanism have 
given positive results: the error in setting the upper roll did 
not exceed 1-2 nun, while the time of operation of the screw- 
down mechanism over the complete programme was shorter than 
the time of operation under manual control. 


DISCUSSION 


Author’s Opening Remarks 

The system of programme control of a screw-down mechanism of a 
blooming mill was developed for the RoUstahl Steel Mills. The special 
computer has two types of memory, one contains several fixed pro¬ 
grammes and the other part of the computer is able to store the result 
of the last operation and then give further operating commands. One 
can manually programme the computer if necessary. 

The system provides optimum operation of the screw-down mech¬ 
anism. A special device senses, the position of the slabs and feeds it 
back to the computer. In all there are between 40 and 45 rolling pro¬ 
grammes, each programme containing perhaps 35-40 different rolling 
operations. 

At the present time, the machine is being industrially tested. The 
results of the work have shown that the errors do not exceed 3-4 mm 
which is acceptable for industrial applications. The computer contains 
fernte cores and transistors. 


R. G. Beadle, General Electric Company^ 7, Riuer Road, Schenectady. 

New York, US,A. 

The authors describe one method of partially overcoming the response 
limitations of the excitation and power supply described in their ex¬ 
ample. While variations in mechanical inertia and friction are men- 
honed, there is some question that the performance would be optimal 
in many practical cases. It is not uncommon, for example, to observe 
screw-down frictions which vary from 50 to 150 per cent of drive 
rating during a relatively short period of time. In fact, the friction may 
even vary considerably over the normal range of travel. For some 
drives, such as manipulator fingers, the inertia will depend on ingot 
mass and the relative position of the ingot. 

In most cases, then, it would appear that effort should first be spent 
on improving the basic characteristics of the drive system rather than 
optimizing a low-performance drive. A logical choice is to consider 
solid state excitation of generators. Then the drive will need much less 
optimizing to achieve minimum positioning times. Several such solid 
state equipments have been built since 1960. 

pother, and perhaps more important area of optimizing, is the 
choice of the rolling programme itself. Do the authors have any re¬ 
marks regarding the use of process computers to control and optimize 
the complete operation? 


.C.D. Rogers, Electromechanical Research Center, Republic Steel 
Corp., Cleveland, Ohio, U,S.A. 

This paper indicates the need for computer control on blooming mill 
screw-down motors themselves. Rolling time on the reversing mill is 
greatly dependent on the speed of mill positioning, particularly on 
reversing slabbing mills where vertical edger positioning is employed 
in addition to the screw-dbvm. It is necessary to position both drives 
in minimum possible time to achieve a consequent minimum reversal 
time. Reversal of main mill drive motors can occur within an average 
of 2 sec; whereas, 4-6 sec are consumed in positioning. In other words 
^2-4 sec are added to each reversal. * 


The approach, as discussed in the paper, is significant and should 
be applied to blooming mill screw-downs and other varieties of mill 
positioning as well. In numerous instances, a reduction of seconds from 
reversal time is made possible. Application of described techniques 
emplo 3 dng the triangular law are basically, however, of extreme impor¬ 
tance. 

Work has been conducted in this field, but actual computer appli¬ 
cation to the drive system is not apparent. 

It must be mentioned that a variety of mill conditions can dictate 
the efli^tiveness of digital positioning. Reference is made specifically 
to positioning drives having limited power because of mill area re¬ 
strictions. Hybrid (that is, both analogue and digital) equipment is 
required for me^urement and compensation for intervening mill 
conditions as positioning functions occur. Naturally, more expense is 
involved; however, justification for ‘dynamic compensation’ arises not 
from the increased speed of positioning, but from its by-products: 
improved quality of product and higher rates of production. 

W. Th6t, Brown Boveri & Co,, Mannheim, Germany 

It was very interesting to obtain further information about this self- 
optimizing screw-down system. The dilemma for the engineer develop¬ 
ing such systems is that he has to take into consideration varying 
mechanical effects which influence the deceleration of the drive. Th^ 
can be considered, for example, by the factor A: or — 1 + A:. This 
factor k is derived from the behaviour of the drive during the previous 
displacement. If I understand correctly, the system works optimally 
if the mechamcal influences are constant over the whole range of 
possible positions and are only a function of time. Unfortunately, in 
heavy stands for reversing mills, these effects are not constant and vary 
even more during the time of operation. In the last few years we have 
seen that there are two factors: 

(1) Varying friction dependent on position. Actually the friction 
between the housing of the upper roll bearing and the guided channels 
for these housings in the mill-stand is lower in the region where the 
greatest part of the displacements take place. 

(2) The non-constant pressure of the hydraulic system which bal¬ 
ances the weight of the upper roll and its armatures. 

To clarify my following question, I would like to explain how we 
tried to solve these difficulties. In order to enable the drive to follow 
the commands of the position control device as quickly as possible we 
supply the d.c. niotor by two anti-parallel groups of rectifiers. Then 
we install three interconnected closed-loop control systems for the 
armature current, speed and j?o%\iion{Figure A), The drive accelerates 
with constat and maximal torque. The special property of the equip¬ 
ment is that the drive does not work with constant maximum torque 
when decelerating to creep speed. During this period of displacement, 
the drive is under the speed control device. In order to make the drive 
behave in this way the reference value for the speed is modified by the 
so-called integrator imit. This unit enables us to give the drive a fixed 
and high constant deceleration. The deceleration is matched to the 
total mechanical inertia of the drive, so that the armature current is 
under its limitation during the deceleration of the drive, even if these 
effects which assist braking (friction, hydraulic pressure) are a mini- 
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Figure A, Block diagram of the equipment 


TVP = Target value for position 
PC = Position control device 
W = Integrator unit 
CU — Computing unit 
SC = Speed control device 


ACC = Armature current control 
device 

M “ dx. motor 
TD — Tachodynamo 
MU — Measuring unit 


mum. The advantage of restricting the drive to a constant and pre¬ 
determined deceleration is that now the computing system which 
initiates braking becomes very simple. In the case of constant a^, the 
displacement during deceleration is 

u=speed 

This means that the computing device only has to compare this fixed 
quadratic function of v with the present error of the position to give 
the command for braking to creep speed. 

We presume that due to the low inertia of the electrical circuits, 
it is unnecessary to apply any correction to the computing device 
dependent on the wanted displacement. Further, we hope that time 
will not be lost in spite of not using the full torque for braking. On the 
contrary, we calculate that we will gain some time because the time 
during which the drive moves at creep speed can be minimized. 


I would like to ask Mr. Domanitsky if he provided any devices to 
eliminate the explained effects or whether it was not necessary to do 
so in that particular blooming mill. 


W. Leonhard, Siemens-Schuckertwerke, Scharowskystr,^ Erlangen^ 

Germany 

The problem of optimum position control of a dx. motor can be 
simplified considerably if a drive with an inherent rapid response, for 
example a motor with an electronic power supply, is employed. 1 would 
like to submit a scheme {Figure B) for digital positioning which is in 
use in our Company for steel mill and other applications, for example 
as part of programmed controls. It fulfills all the requirements men¬ 
tioned in the paper and, in addition, seems to be of simpler structure. 
It is characterized by cascaded loops for acceleration, speed and posi¬ 
tion. An inner current loop provides current limit and assures tracking 
of the antiparallel rectifiers. The position loop is digital in order to 
achieve high accuracy (10“*) and to permit storage of reference posi¬ 
tion and print-out of actual position data. A parallel digital difierence 
circuit is provided which has a maximum computing time of 150 /usec 
for 4 decades, using 10 kc/s industrial transistor logic. The D/A con¬ 
verter is combined with a parabolic function generator which produces 
the speed reference during the braking period. The operation is as 
follows: after entry of a new position reference, the motor starts with 
constant acceleration, provided the speed regulator is linaited due to 
a sufficiently large initial position error. This may be followed by a 
period of maximum constant speed. Braking at constant deceleration 
begins at the correct instant due to the action of the non-linear function 
generator. There is no extended period of creeping speed for final 
positioning. 

Typical results for a 100 kW motor with three pulse rectifier supply 
(50 c/s) are: Rise time of the current loop 15 msec, of the acceleration 
loop 40 msec, of the speed loop 100 msec, all measured for small 
changes of the reference values. 

J. P. Clyne, BJ,S.R.A.^ 140, Battersea Park Road, London S. JV, 11, 

England 

1 was very interested in the system of position control adopted, using 
pulse counting rather than binary digit code. At the British Iron and 
Steel Research Association in London, we have developed a fuUy- 
automatic crane for servicing billet pits. The instructions are inserted 
and the whole operation of removing pit lids, unloading and loading 
the billets and replacing lids is then automatic. The whole system is 
now working very successfully on a 25 ft. crane in the laboratory. The 
longitudinal position control is similar to that described in the paper 
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and was adopted for the same reasons. This type of positional control 
is very susceptible to electrical interference. With the crane, it was 
possible to overcome this. The motors associated with a rolling mill 
may, however, be 100 times larger than those on a crane, and inter¬ 
ference problems can therefore be expected to be much more severe. 
Was the problem of interference encountered and if so, what procedure 
was adopted for overcoming it? 

A. A. S. Danthine, Centre National de Recherches Metallurgiques, 
LUge^ Belgium 

It seems to me that the capabilities of the described system would be 
better used if the electric motor drive was mercury-arc rectifier or 
silicon controlled rectifier fed. 

I should like to ask the following questions: 

(1) What is the maximum linear speed of the screw in the installa¬ 
tion described in the paper? 

(2) Wha,t is the average time of operation for displacements of 20, 
80 and 200 mm? 


S. M. Domanttsky, V. V. Imedadze and Sh. A. Tsintsadze, in reply 

We are very grateful for the valuable remarks of all who took part in 
the discussion of our paper. 

We begin by discussing in detail the question put by Messrs. Beadle, 
Rodgers and Thot who were interested in effect of change in inertia 
and friction on performance of the optimal digital system. 

The system developed by us can be applied for any drives in which 
the necessary displacement is preset in the form of a programme or 
can be determined prior to operation. Specifically it can be used for 
the mechanisms having low load, for example the flying shears drive 
(when cutting the foremost edge of billet) or for a crane bridge drive, 
as Mr. Clyne pointed out in his remark. 

However, we wanted to determine whether it is possible to apply 
our optimal system for the screw-down drive. This drive, as Mr. Beadle 
correctly pointed out, has load Ms varying within a range of 0-5 to 
1*5 Msn, where Msn is the rated value of load. Let us show that under 
these conditions the path covered at creep speed will not be great. 
Let us assume that conditions are normal: Ms — Msn and the dis¬ 
placement is equal to J = 100 mm which approximately corresponds 
to triangular law of speed change at the maximum speed of the drive. 

Usually the maximal (starting) torque of the motor Afmax is 2-5 
times greater than its nominal torque Mn and correspondingly, if 
Msn = 0*5 Mn then Mmtix. = 5 Msn* 

Then 

1 ^ _ ^rN _ ^max ^SN _ ^ ^SN ^SN _ 

^bN ^max’^MsN + 6 

and accordingly to (2) 

S^jy=40 mm 

When the load torque is changed the actual value of will substantially 
differ from Kn : 

for Ms*^V5MsNr 

aj, 0.5 

and for Ms=0-5 Msrf, K=^=^^=0-S2: 

aj, 5.5 

However, due to the optimal digital system, the operational ac¬ 
celeration distance 5y., no matter how load torque changes, it will be 
determined by the preset rather than the actual value of the ratio, 
i.e. K^Kn and will be 


'S,=Y^^-=S,iv=60 mm 

The path traversed on braking Sb will be determined by actual 
braking acceleration ab 

for Ms=l*5Afs« St=^S,^=^-40 = 37 mm 

Qb 0*3 

for Ms^O-SMsr, S»=^S,^=:^-40 =43-5mm 

Clb 3*3 

Thus for A = 100 mm the path to be covered at creep speed will 
amount only to: 

SbN'-Sb=^0-37 = 3 mm or 
SbN'-'Sb=40-43-5=—3-5 mm 

i.e. approximately ± 3 mm. With smaller values of A it will be even 
shorter. It should be taken into accoimt that some changes of load 
torque are actually caused by slow deterioration in the system of screw- 
down mechanism balance and can be compensated by the self-adjust¬ 
ing system. If the maximum operation speed n = 110 mm/sec and 
creep speed is ~ 15 mm/sec, then the period of operation at creep 
speed will be about 0*2 sec. 

Thus it is evident that the system optimal control is effective with¬ 
in a wide range of load torque variation. Answering Mr. Danthine’s 
question we would like to give some data on the drive. The maximal 
speed of screw-down was 120 mqi/sec. The average time for eliminat¬ 
ing the displacement error was 0*9 sec for A = 20 mm, 1*9 sec for 
80 mm and 2*9 sec for 200 mm. 

Mr. Beadle felt the necessity to improve the characteristics of the 
drive rather than to concentrate on optimizing. Mr. Rogers, with whom 
we wholly agree, thinks, however, that optimizing of screw-down drive 
will permit reduction of rolling time. The industrial tests of our system 
confirm this. The improvement of the drive itself and particularly the 
use of mercury rectifiers or controlled silicon rectifiers instead of 
generators will, as Beadle, Th5t and Danthine mentioned, reduce the 
time constants of supply circuit and improve the current curve. 

We learn with great interest from Mr. Clype’s remarks that a 
system similar to ours, for control of a model crane spanning soaking 
pits, is being tested. 

Mr. Clyne wanted to know what measures were taken to suppress 
interference in the system. Signals from primary transducers are trans¬ 
mitted through amplifiers and shaping devices; therefore, the logic 
elements receive sufficiently po\yerful signals. These elements are 
provided with RC circuits and are biased to suppress interference. 

We would like to say a few wor^s regarding block diagrams of 
servo-systems shown by Messrs. Th6t and Leonhard. In these diagrams 
the drive can slow down when its torque is less than the maximal one, 
which increases the time to correct a specified displacement. Besides, 
these systems require a complex digital-to-analogue converter, because 
the ejTor is compared with the square of the speed in an analogue form. 
Originally such a system with a squaring device was suggested by 
Dr. Chelustkin^ and Professor Lemer®. The use of an integrator for 
speed control was described in the paper published by one of the 
authors^. However, we believe that the use of the optimal control 
permits application of a simple digital-to-analogue converter (flip- 
flop). The moment when braking begins is simply determined at Ms 
= 0. To compute this moment it is sufficient to feed the pulses from 
the position transducer to the second digit of the reversible counter 
where the error has been stored^. 

We agree with Mr. Leonhard that coded position trailsducers are 
more complex than pulse transducers which operate in combination 
with reversible coimters. However, when the latter are applied it is 
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necessary to eliminate the possibility of error accumulation. To achieve 
this in our system a specid pulse transducer was used which read the 
actual position of rolls prior to any cycle of operation beginning from 
the starting point. 

Mr. Beadle asked for our opinion on the use of computers for 
/Optimizing the mills. 

We suggest the following hierarchy of computers and devices: 

(1) the central computer which plans the operation and keeps a record 
of the blast furnace, open-hearth furnaces and rolling mill performance; 

(2) shop off-line computers which control the processes and in partic¬ 
ular determine the optimal programmes for ingot setting in soaking 
pits, etc.; (3) digital optimal servos to control position and speed which 
fulfil the programmes received from control computers. The latter type 
devices were the subject of our paper. 


The authors are grateful to Professor Lerner and Dr, Chelustkin 

whose advice they used in developing the system. 
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Computer Control of the Continuous Annealing Process 

J.T. BRADFORD, Jr. 

Summary 


The continuous annealing process in the past has been operated by 
methods based on experience and trial and error. The process, al- 
though theoretically a simple operation, becomes very complex due to 
the many variables that must be controlled. The digital computer 
system which was designed and applied to the Continuous Annealing 
Line at Aliquippa in 1960 will reduce the process to a science. A 
continuous strip hardness gauge and a strip temperature detector for 
the furnace section of the Hne were developed as part of the overall 
computer system which will help produce tinplate with a more uniform 
hardness than has been obtained before. 

It was first necessary to develop mathematical relationships be- 
tween the product variable, hardness, and the process control variables, 
furnace temperature, line speed, strip gauge, strip chemical composition 
and prior strip history. Although past literature was available on these 
relationships it was necessary to verify and extend it. 

The conventional proportional, rate and reset control of the furnace 
which IS performed by the computer, placing the computer in the loop, 
IS described in block diagram form. A block diagram is also included 
showing how the feedbacks of strip hardness, strip temperature, and 
furnace temperature are arranged in the regulating system to control 
the independent variables, strip temperature and speed, to regulate the 
actual strip hardness. Finally, the anticipated results are reviewed. 

Sommaire 

Les operations de recuit en continu des ann6es passdes ont reposd sur 
1 experience et les essais. L’operation, bien que simple, devient trds 
complexe par suite du nombre de variables qui doivent 6tre contrdlees. 
Le systeme de calculatrice numerique, qui fut 6tudi6e etmise en service 
en 1960 sur la ligne de recuit en continu d’Aliquippa, r^duira le traite- 
ment k une science. Une jauge continue pour mesurer la duret6 de la 
bande et un appareil mesureur des temperatures du four-place dans la 
Iigne, furent mis au point corame des elements faisant partie de I’en- 
semble du systeme calculateur. Ce systeme aidera k la production de 
tales etamees ayant une durete plus uniforme que celle obtenue prece- 
demment. 

II fut necessaire, tout d’abord, d’etablir les relations mathematlques 
entre la durete, qui est la variable du produit, et les variables de la 
conduite du traitement: temperature du four, vitesse de la ligne, epais- 
seur de la bande, composition chimique de la bande, et son histoire 
avant son passage sur la ligne. Bien que ce sujet ait ete traite aupara- 
resultats furent disponibles, il fut necessaire de les 
verifier et de les developper. 

La regulation conventionelle du four: proportionelle, derivee et 
integrate, qui est effectuee par la calculatrice en la pla 9 ant dans 
le circuit, est decrite sous forme de schemas. Un schema est 
egalement inclus, montrant comment les retours des informations 
ven^t des appareils au sujet de la durete de la bande, de sa temperature 
et de sa vitesse, sont placees dans le systeme de regulation pour con- 
troler les variables independantes de temperature et de vitesse afin de 
regler la durete reelle de la bande. Finalement les resultats envisages 
sont examines. 


Zusammenfassung 

Das kontinuierliche Gluhverfahren wurde fruher mittels Methoden 
durchgefiihrt, die sich auf Erfahrungen und einfaches Ausprobieren 
stiitzten. Obwohl es sich hierbei um einen theoretisch einfachen Vor- 


gang handelt, gestalten die vielen zu regeinden GrdBen das Verfahren 
sehr kompliziert. Eine elektronische Digitalrechenanlage, die fur die 
kontinuierliche GluhstraBe in Aliquippa im Jahre 1960 entworfen und 
angewendet wurde, laBt das Verfahren wissenschaftlich behandeln. 
Einkontinuierlich arbeitendes Harte-MeBgerat und ein Bandtempera- 
turanzeiger fur den Ofenabschnitt der StraBe wurden zunachst als Teil 
der gesanaten elektronischen Rechenanlage entwickelt, die dazu bei- 
tragt, WeiBblech mit gleichmaBigerer H^rte, als es fruher mSglich war 
herzustellen. * 

Zuerst muBten diemathematischen Beziehungen aufgestellt werden 
wie sie zwischen den ProduktgrSBen, der Harte, den RegelgrbBen des 
Prozesses, der Ofentemperatur, der Bandgeschwindigkeit, den Band- 
abmessungen, der chemischen Zusammensetzung und der Geschichte 
des Bandes bestehen. 

Obwohl fiir diese Beziehungen Literatur vorlag, war es notwendig, 
sie nachzuprtifen und zu erweitern. 

Die Regelung des Ofens mit den iiblichen PID-Reglem, die die in 
en Kreis eingeschaltete elektronische Rechenanlage darstellt, wird im 
Blocks^altbUd dargestellt. Ein weiteres Blockschaltbild zeigt, wie die 
RiickfUhrungen der Bandh&^e, Band- und Ofentemperatur in dem 
Reglerteil des Rechners angeordnet sind, um die tatsSchliche Band- 
harte durch die una.bhangigen GrdBen, namlich Bandtemperatur und 
Bandgeschwindigkeit, zu regeln. AbschlieBend werden die erwartetcn 
Ergebnisse erlautert. 


The Annealing Cycle 

The continuous annealing cycle is theoretically very simple. Cold 
rolled steel strip, as it comes from the tandem cold reduction 
mill, is work hardened and too hard for most purposes. It must 
be put through an annealing cycle to regain a degree of useful 
ductility. The theoretical annealing cycle is shovm in Figufc I 



Time 


Figure L Theoretical amealing cycle 
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and consists of heating the steel strip to a temperature of betw^n 
595«_740°C, holding it at this temperature for a period of time 
to permit grain growth to occur, then cooling it at a controlled 
rate to about 480° C before cooling it to room temperature. 


Here the strip is classified into prime or defective footage ca,te- 
gories. After the inspection station the strip is coiled on winding 
reels and removed from the line. 

The Problems 


The Continuous Annealing Line 

The pnnpaling cycle is achieved in the continuous annealing 
line by passing the strip through a vertical type furnace which is 
usually divided into four separate and distinct zones. A simplified 
layout of such a furnace is shown in Figure 2. Here the strip is 


This very simple theoretical cycle becomes quite complex 
when it is applied as a practical high production manufacturing 
process. The problems are listed as fellows: 

(1) The annealing (qrcle involves both temperature and time. 
Variations in time, by changing speed, also varies strip tern- 


Retard Fast 

Heating Holding cooling cooling 

chamter chamber chamber chamber 



Figure 2, Furnace layout 


carried through the various sections in many loops or passes. 
The number of passes within each zone detemaines the propor¬ 
tion of time that any increment of strip spends in each portion of 
the annealing cycle. 

The annealing furnace is the central unit in the continuous 
annealing line. The entire furnace operates under a protective 
atmosphere in order to protect the surface of the strip at the 
high process temperatures. The remainder of the equipment on 
the line is provided to prepare the strip for the annealing process, 
to load incoming coils, and to unload finished coils. 

The Jones and,Laughlin continuous annealing line is shown 
in Figure 5. Cold rolled coils of steel are brought to the entry 
uncoiler direct from the tandem cold mill. Each coil is welded 
to the tail end of the preceding coil so that a continuous ribbon 
of steel is in process throughout the length of the line. After 
leaving the uincoiler the strip passes through an electrolytic 
cleaner and mechanical scrubber section where rolling oil and 
dirt are removed. The strip then passes throu^ the entry looper 
into the annealing furnace. The heart of the process is the furnace 
in the centre section of the line. To achieve some degree of stable 
control over its operation, strip storage loopers are located 
before and after the furnace. These provide around 60 sec of 
storage to permit the entry and delivery sections to be shut down 
in order to weld on new coils without changing the speed in the 
furnace section. Before and after the furnace are free hanging 
loops, side guides, and automatic centring devices to keep the 
strip centred as it passes through the furnace proper. A regulated 
tension device is located immediately before the furnace to hold 
strip tension at the furnace entry to a known and regulated 
• value. After leaving the delivery looper, the strip passes through 
an inspection station fitted with a pinhole detector, an x-ray 
thickness gauge, a hardness gauge and a visual inspection station. 


perature. 

(2) The exact shape of the annealing cycle in terms of tem¬ 
perature and time varies with: (a) the degree of hardn^s 
desired in the end product, (b) the chemical analysis of the strip, 
(c) the hardness of the incoming strip as determined by prior 
history, and (d) the incoming strip dimensions. 

(3) The furnace itself is an effective heat sink; zone temper¬ 
atures cannot be changed rapidly. 
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Figure 5. Jones and.Laughlin continuous annealing line layout 
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(4) Magnitude and rate of changes in speed and temperature 
can affect strip tracking through the line, and can cause heat or 
tension buckles in the strip, both of which lead to strip breaks 
and costly delays. 

(5) The continuous annealing line is a costly investment and 
must be rim at the highest possible rate of production to be 
economical. 

(6) Strips on orders requiring one annealing practice are 

annealing practice, portions 
of both orders being in the furnace at the same time. 

O) The brightness, or heat absorbing capacity, of the strip 
affects strip temperature. ^ 

(8) No device existed for accurately measuring the tempera¬ 
ture ot movmg strip inside a sealed furnace. 

strife measuring the hardness of moving 

Jones and Laughlin decided to investigate computer control 
continuous annealing line experience. 
A study of existing lines m other plants showed that in spite of 
the many compleiuties there were, and are now. many very 

experience and trial and 
or. ^e study also mdica.ted that a digital computer system, 
p operly deigned and applied, could probably raise annealing 
line operation from an art to a science. 

The Computer System 

The complete computer system, as shown in Figure 4, was 
desi^^ to perform the functions of process control, data 
^uisition and logging and production analysis and accounting. 

It IS the function of process control that is . of interest here. 


As the first step in applying a closed loop computer system 
It was necessary to develop the mathematical relationships 
betw^n the product variable, hardness, and the prbcess control 
variable, furnace temperature, line speed, strip dimensions, 
strip chemical composition, and prior strip history. Although 
past literature was available on these relationships^, it was found 
necessary to extend this work in the area of the effect that chemi- 
^ composition and prior strip history has on final hardness 
The relationship developed was 

H = Ao+ AiTj -)- A^Tc - AsTj.^ + (B, + BiC + B,P) 

e-Ajrs + Age-A7/K. _ a^C + A^P + Ai^Mn + AaNj 

where H = Rockwell harness, 30 — r, /4iv, 0, iV ^ 11 = con¬ 
stants. 7> = hot mill finishing temperature, °C, Tc = hot mill 
coiling temperature, °C, Tm = maximum annealing temperature, 
^o + Sj C + B.2 P 

’ Hi = difference between initial 

and final Rockwell hardness values of strip, Ts = effective 
®'’ recrystallization temperature of 

^ C, sec, Vc = slow cool rate, »C/sec, and C, P, Mn. = car- 

on, p osphorus, manganese, and nitrogen contents, respectively, 
wt. per cent. * 

It was necessary also to develop the relationships between 
strip temperature and furnace temperature based upon the 
configuration of the Jones and Laughlin furnace. 

The lack of the feedback sensors for strip hardness, and strip 
temperature in the heat zone, required their development. A 
non-contacting continuous hardness gauge was developed by 
Jonra and Laughlin Research that measures the hardness 
within ± 2 Rockwell 30 T points. Also a sensor that gives the 
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Figure 4. Computer system 
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Strip ^mperature in the heat zone, and is independent of furnace 
wall temperature was developed. Because of patent consider¬ 
ations, it is not possible at this time to describe these devices. 
However, samples of the strip chart recordings of the instru¬ 
ments are included to demonstrate their applicability to control 
of the continuous annealing process. 

The accuracy of the hardness gauge is based upon direct 
comparison with the Rockwell test made by the annealing line 
exit station operator and the hardness gauge indication at the 
precise time of the test. One such comparison is shown in 
Figure 5. The test results obtained by mill personnel at the 

R30T 



Figure 5, Hardness gauge chart indication 

delivery operator’s station, the speeds taken directly from the 
furnace speed indicator and the hardness gauge calibration 
scale in R 30 7^ units are superimposed upon the section of the 
hardness gauge recorded chart. In this figure an increase in 
strip hardness is caused by a reduction in furnace temperature 
without a corresponding reduction in line speed. As the line 
speed is reduced the effect of the temperature change is com¬ 
pensated and the strip hardness returns to a lower value. The 
instrument has been operational on a 24 h basis since the 
beginning of 1962 and gives every indication of being completely 
mill worthy. 

Figure 6 shows two sections of a strip temperature chart 
with the outputs of both the J & L sensor and an ordinary 
total radiation pyrometer, a traditional strip temperature sensor, 
displayed on each. Neither of the sensors was at the time 
accurately calibrated in terms of actual strip temperature, and 
changes in indicated temperature, rather than absolute tem¬ 
perature values, are significant. 

A total radiation pyrometer, due to the low emissivity of the 
C.A. strip, indicates a temperature related to furnace wall and 
roof temperature, with strip temperature changes acting only 
as a perturbation upon this primary indication. Thus, during 
the period covered in (a), with heat section temperature held 
constant, the total radiation pyrometer output was also virtually 
constant; the J and L sensor, on the other hand, showed ap¬ 
preciable strip temperature variation during the same period. 
Most of the variation is attributable to gauge and line speed 
variations, but some is due to a noise signal generated within 
the sensor; steps are currently being taken to eliminate this noise 
signal. The spikes labelled L and B are lap weld and butt weld 
areas respectively; a single positive spike is characteristic of a lap 
weld, and a positive spike followed immediately by a negative 


spike is typical of a butt weld. The spikes indicate that sensor 
response time is much less than the furnace time constants, and 
hence is sufficiently rapid for control purposes. 

Figure 6 demonstrates that a total radiation pyrometer is 
useless for control purposes, as it indicated a temperature in¬ 
crease when, in fact, there was a decrease in strip temperature. 
The sequence of events yvas as follows: the heat section tempera¬ 
ture was increased by the operator in anticipation of a strip gauge 
increase; the increase in zone temperature is clearly indicated by 
the total radiation pyrometer; however, die J and L sensor 
shows that the heavier gauge strip was heated to only 480'" to 
510°C and there was a resulting increase in strip hardness; some 
10 min later the line speed was reduced, and strip temperature 
rose to a more acceptable level—near 575®C. Needless to say, 
use of the total radiation pyrometer as a feedback sensor would 
have led to the opposite (and improper) control action. 

The Control System 

Having the necessary mathematical relationships, the 
characteristics of the newly-developed sensors, and the charac¬ 
teristics of the line speed control, different possible closed- 
loop control systems were developed and studied on an 
analogue computer. Figure 7 shows in block diagram form the 
system that showed the most promise. A punched card is used 
for each coil to tell the computer the desired hardness, the 
chemical analysis of the strip, the strip dimensions, and the 
prior history. 

The computer then calculates, based upon the developed 
mathematical relationships, the required strip temperature, the 
furnace temperature reference, and the desired speed reference. 
The basic control for the system is the continuous strip hardness 
gauge. Should an error in hardness exist, an immediate signal is 
sent to change line speed and to reset the furnace references. In 
order to provide reasonably fast correction to a hardness error, 
a stabilizing signal is taken from the strip temperature sensor. 
Thus, when a hardness error causes a change, the strip tempera¬ 
ture sensor indicates to the system that the change has been 
made without having to wait for the corrected strip to travel the 
approximate 1,600 ft. to the hardness gauge. 

Figure 8 shows the results of one of the runs made during 
the analogue computer study. This case was for 0*0118 in. thick 
steel, 30 in. wide, and the line running at 1,200 ft./min. A step 



A sTotal radiation pyrometer 
B =J8iL strip temperature sensor 
Figure 5. Comparison of temperatures indicated by strip 
temperature sensors^ 
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decrease of hardness of approximately one R 30 Tpoint was made. 
The line speed increased approximately 62 ft./min until the 
furnace temperature decreased. The hardness error was elimi¬ 
nated in about 200 sec. This is the kind of result expected from 
the actual system. 


Valve Control 

As part of the closed-loop control system it is also the 
computer’s function to operate directly 11 proportional fuel gas 
and cooling air valves and two electrical contactors to regulate 
temperatures within the furnace zones. The valves are operated 
through Leeds and Northrup d.c. current to pneumatic convert¬ 
ers connected to pneumatic operators on the valves. A throw- 
over system is provided so that any one or all furnace zones may 
be controlled by ^e conventional L and N recorder controllers 
should trouble with the computer make it necessary. 

Figure P is a block diagram of the actual closed-loop tempera¬ 
ture control function as it is handled by the computer. The com¬ 
puter scans the analogue temperature signals, converts it to a 
digital value and compares it with the reference value., The 
temperature error is applied to stabilizing equations and a 
digital value of valve position is calculated. This digital value 
IS then converted to an electrical analogue current which becomes 
the input signal to the electro-pneumatic converter. The con¬ 
ventional ‘proportional’, ‘reset’, and ‘rate’ actions are actually 
a.chieved by approximation of the sampled system with a con¬ 
tinuous system. The sampling and hold operations were replaced 
with a pure time delay of half the sampling period. 


by the computer operating as a data logger. The hardness gauge 
is completed and has proved to be a reliable operating sensor. 
The strip temperature sensor is developed and is installed on the 
line. Its reliability is being verified. The computer has been used 
to perform its functions of data acquisition and logging, and 
production analysis. Changes have been made to both the hard¬ 
ware and programming as the art of on-line computers has 
progressed. The reliability has been improved to the point that 
the computer c^ be considered as a reliable industrial control 
device. In addition the furnace has been controlled by the 
computer for a period of time using precalculated references 
for the furnace temperatures. 

The digital control system applied to the Jones and Laughlin 
continuous annealing line is not yet complete. The programme 
for haying a closed-loop process control system is progressing. 
In addition to the benefits expected in improving the continuous 
annealing process, much experience has been gained in the 
application and use of digital computers, and an appreciation of 
dieir possible application to other processes has been developed. 
It is expected that at the time of the conference data will be 
available on both the improvement of the process and the 
reliability of the system for inclusion in the transactions. 
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The Results to Date puter study curve 

At the time of writing the entire closed-loop effort is not 
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Figure P. Block diagram of the furnace temperature controller 
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DISCUSSION 


Author’s Opening Remarks 

The continuous annealing cycle is theoretically very simple. Cold- 
rolled strip, as it comes from the tandem cold reduction mill, is work- 
hardened and too hard for most purposes. It must be put through an 
annealing cycle to regain a degree of useful ductility. 

Five years ago, when Jones & Laughlin Steel Corp. decided to 
install a continuous annealing line, they had no previous experience 
in continuous annealing. Studies of the process and existing lines in 
other plants, indicated that a digital computer system, properly de¬ 
signed and applied, could raise the operation from an art to a science. 



Figure A 


The very simple annealing cycle becomes quite complex when it is 
applied to a high production manufacturing process. The problems 
are as follows: (1) The annealing cycle involves both temperature and 
time, and the two are not independent. (2) Studies indicated that pre¬ 
vious relationships between hardness, the product variable and the 
process control variables, furnace temperature, live speed, strip dimen¬ 
sions, chemical composition and prior strip history, were not adequate. 
(3) The furnace time constant is extremely long. (4) No sensor existed 
for continuously measuring strip hardness. (5) No sensor existed for 
continuously measuring actual strip temperature. (6) Excessive rates 


of change of speed and temperature can cause delays by causing wrecks 
due to tracking or buckles. The continuous annealing line, being a 
costly investment, must be run at the highest possible production rate 
to be economic. (7) Strips requiring different annealing cycles may be 
welded together and in the furnace at the same time. 

At the time the paper was written the proper relationships were 
developed but not verified. The computer was operating as a data 
logger to verify them. The required sensors for the continuous meas¬ 
urement of hardness and strip temperature were developed. Today 
the relationships have been verified. The actual programme for the 
closed-loop operation has been developed, flow-charted, coded, loaded 
in the computer and operated. The different modes of operation are 
described below. 

Mode 1, With the mode switch in this position the computer regu¬ 
lates the temperature of any heat zone for which the zone selector 
switch on the furnace panel board has been thrown to the ‘computer’ 
position. Any furnace zone may be transferred to computer control 
or back to conventional control. The reference temperature to which 
a heat zone will be regulated in this mode consists of two parts—the 
base reference + zone offset where the base reference is set by the 
operator and the zone offset is the degrees by which any heat zone 
can be regulated above or below zone 4, which is considered at zero 
offset. The zone offset is stored in the computer. 

Mode 2, With.the mode switch in position 2 the computer regulates 
actual strip hardness, as measured by the hardness gauge, to the hard¬ 
ness read in from a punched card with furnace temperature as the only 
controlled variable. 

The strip temperature sensor is used in this mode to achieve faster 
response than would otherwise be possible. If the strip temperature 
sensor fails, the computer downshifts its operation to a slower response, 
but still regulates strip hardness. If the hardness gauge fails, the com¬ 
puter downshifts to the first mode. 

The temperature to which the heat zones will be regulated in mode 2 
consist of 1350'* plus the change in furnace temperature calculated by 
the computer to bring the actual strip hardness within + Vi Rockwell 
point, as called for on the punched card. The furnace offset is added 
to this reference. The furnace temperature will respond to changes in 
reference through the furnace time constant which has an apparent 
value of 7 min. Maximum operating limit furnace temperature is a 
programmed function of strip thickness. 

Mode 3, With the mode switch in position 3, the computer regu¬ 
lates actual strip, hardness, as measured by the hardness gauge to the 
hardness read in from a punched card with furnace temperature and 
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speed as the control variables. A hardness error greater than ± Vi 
Rockwell point will cause a change in the heat zone as in mode 2. 
Also, if the hardness error exceeds i 2 Rockwell points, the computer 
changes line speed to bring the hardness immediately within the de¬ 
sired range. Computer initiated speed changes are made in two basic 
patterns, depending on whether the strip temperature sensor is oplera- 
tive. If it is, the line make 5 ft./min speed changes at 10 sec inter¬ 
vals. If the sensor is not operating, the computer will change the line 
speed in 25 ft./min and wait to read the effect as measured by the 
hardness gauge before making further adjustment. The computer auto¬ 
matically shifts from fast to slow and vice versa, depending only on 
‘reasonableness’ tests applied to the strip temperature sensor. 

Speed increases are limited to 50 ft./min by the computer, and speed 
decreases are limited by strip gauge as programmed in the computer. 

The benefits, as we see them at present, will be what we make them. 
Operation to date has indicated to all concerned that we have a new 
operating tool by which we will probably be able to improve the 
quality of our continuous annealed product so that it will have a varia¬ 
tion of less than i 2 Rockwell 30 T points, especially at start-up and 
stop. Much work is still being done on optimizing the transformation 
from one annealing cycle, to another on order changes. We are en¬ 
couraged. 

Now a few words about the reliability. We developed a very rigid 
maintenance programme on paper and planned many methods to de¬ 
fine and measure reliability, or availability. However, because of an 
undermanned maintenance department we did hot run off-line diag¬ 
nostics, we did not periodically check voltage levels, we did not check 
pulse shapes, nor make drum and amplifier margin checks .We have, 
however, found this of little concern as the computer runs for long 
periods up to six months or more with less than a couple of card 
failures. The availability has been so good that we look after the com¬ 
puter ‘hardware-wise’ only during rare failures. 

H. J. Marx, lillgemeine ElektrizitHts-Gesellschaft (AEG), Hohen^- 

zolleriidanm 150, Berlin 33, Germany 

The application of a process computer system on a continuous an¬ 
nealing line is a typical example of how production processes can be 
improved by the use of electronic means. We thank the author for in¬ 
forming us in this paper about the planning and engineering work for 
this new control system. We thank him also for his remarks on the 
practical problems which occurred. 

A continuous annealing line lends itself to automation. The con- 
tinous form of the process is basic and in this particular case there 
is the specific feature that changes of the annealing programme are 
very rapid; when a new strip enters the line, it is welded into the end 
6f the other strip. If the analysis or the width of the new strip is dif¬ 
ferent, the set-up of the whole line must be changed, theoretically in 
one instant at each section of the line. My questions are: 

(1) Did you observe an improvwent in scheduling the line by the 
use of the computer or can you tell us what are the main problems in 
avoiding such a random scheduling? Is the computer used also for 
data acquisition and logging production analysis and accounting? 

(2) What is the ratio of that part of the computer memory used for 
storing the programme for data processing etc. to the part u^ed ‘for 
the control programme*? 

Perhaps you can give us some figures regarding the percentage of 
the time, when the computer acts as data processor ? The mathematical 
model contains several constants. 

(3) Is there any adaptive feedback for improving the model de¬ 
pendent on the actual situation of the line? 

J. T. Bradford, in reply 

(1) The computer control has not been used enough to reflect any 
changes in the scheduling of the line. Random scheduling of the line 
would not be practical because minimum gauge and width changes 


can only be made without getting into problems on buckles and sub¬ 
sequent delays. 

(2) The data acquisition and accounting functions made up ap¬ 
proximately two-thirds of the storage and the programme. 

(3) There is no adaptive feedback used to improve the model. The 
model acts as a feedforward calculation to get the hardness within 
range and the feedback system is iised to regulate the actual hardness. 

J. G, WiSTREiCH, B./.iS.R.^., Old Park Lane, London }V. L, England 

The work of Jones and Laughlin on automating a continuous anneal¬ 
ing line has excited much interest among tinplate makers, and one is 
therefore grateful to Mr. Bradford for his description of the scheme, 
brief though it is, owing to patent considerations, with regard to the 
hardness sensor. I note that it is a comparative measurement depend¬ 
ing for accuracy on the making of a Rockwell test by the operator. 
Can Mr. Bradford tell us: 

(1) How frequently this has to be done and what factors influence 
calibration? 

(2) If it takes 200 sec to eliminate a hardness error, and the line 
operates at speeds in the order of200 every time an error occurs, some¬ 
thing like a mile of strip is not made to specification. How frequently 
do errors of a magnitude which brings the hardness outside the toler¬ 
ance occur? To put it another way, what improvement does Mr. Brad¬ 
ford reckon to get with his control compared with normal practice of 
operation? 

(3) Wliat effect, if any, on hardness has the change in cooling rate 
consequent on change of speed? 

J. T. Bradford, in reply 

(1) The hardness is checked at the front, centre and tail of each coil 
by the operator by means of taking a punching from the strip and 
checking it on a Rockwell Tester. This can be done without affecting 
production on the line because of the delivery storage loopei. As more 
and more confidence is acquired in the continuous hardness gauge this 
may be discontinued. 

(2) We feel that we will be able to keep the hardness variation with¬ 
in ± 2 /? 30 T points of the aimed hardness. This would be an improve¬ 
ment of between 2 or 3 to 1. 

(3) We have found that cooling rate has much less effect on hard¬ 
ness than the heating cycle. Therefore the computer control of the 
process concentrates on this end. 

S. S. Carlisle, B.LS»RA,, Old Park Lane, London W, L, England 

It is apparent that when there is a known incoming change in strip 
thickness, corrective action to the annealing process can be made by 
change in line speed and by a change in furnace temperature. The 
former corrective action will be immediate in its effect on the processing 
of the strip, while the latter will be delayed according to the tempera¬ 
ture response of the furnace. In order to minimize the lenght of off- 
hardness strip produced at a thickness change, there will be an opti¬ 
mum partition of the control action between temperature and speed 
correction. I would like to ask the authors if they use the principles, 
outlined by Professor Lerner in his paper, ‘Optimal Control of Con¬ 
tinuous Processes’, in the operations of their computer control systems 
so as to optimize the partition of the control action between these two 
variables. 

J. T. Bradford, in reply 

Optimal control of the process is being considered for the future. 
Mr. E. Y. Kung of the Jones and Laughlin Steel Corporation mentions 
it in his I.E.E.E, Paper No. 63-911 and promises to tell more in the 
future. 
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D. S. Leckie, Republic Steel Carp., 1517 Republic Building^ Cleve¬ 
land /, Ohio, U.S,A. 

In discussions of these applications, the problems of process analysis, 
hardware development, reliability, to name a few, are considered at 
great length. At times the information input to the control system 
seems to be taken for granted. In practice, however, the problem of 
providing accurate control information as required in the form of cards 
for this system can be awkward. 

Error control on these cards is as important as the reduction of 
component and sensor failures. Indeed, the preparation and checking 
of these cards should be considered part of the control system. There¬ 
fore the following three questions are proposed: 

(1) What is these source of the control cards, i.e. are they obtained 
from a card library, or is special punching required? 


(2) How are mistakes controlled in the preparation of these cards ? 

(3) Is any extra cost incurred in the preparation of these cards? 

J. T. Bradford, in reply 

(1) A library of cards that covers all of the different products is main¬ 
tained at the line. If, when the electronic data processing group is 
preparing the schedule for the line, they encounter a product for which 
there is no card, a card is prepared and made available to the operators. 

(2) Mistakes must be caught by the crew. Newer computer installa¬ 
tions have visual display boards that show the computer instructions 
to the crew so that this may be done more readily. 

(3) The electronic data processing operation is sufficiently large so 
that the preparation of these cards is of no extra cost. 
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THE CHEMICAL AND OIL INDUSTRIES 


Application of Automatic Control in the Chemical 

and the Oil Industries 

A survey by Tr. H.W. SLOTBOOM, J.J. DEJONG, J.A. LANDSTRA, 
J.E. RIJNSDORP and A. C. TIMMERS 


Introduction 

The task of a reviewer who has to give a survey of the present 
situation in a technical field is complicated by two unavoidable 
‘musts’. In the first place he has to disengage himself from his 
daily work and its environment, with its specific problems and 
methods. In the second place, he has to find his way through the 
mass of information, often capricious, which has become avail¬ 
able in recent years.' 

Even before the war automation had made a big impact on 
the petroleum and chemical industry. This is due to the nature 
of the processes which lend themselves more easily to continuous 
operation than is, for instance, possible in the automobile in¬ 
dustry. As a consequence, the number of operators was greatly 
reduced, often reaching the minimum number required for 
emergencies. 

Since the war, the level of automation has continued to in¬ 
crease. The following four factors are responsible for this. 

The Improvement of Techniques for Datd Transmission 

Initially, the introduction of pneumatic transmitters made it 
possible to separate the cbntrol room from the process equip¬ 
ment. Large plants, and even complete refineries, can now be 
supervised from one central control room. This has led to a 
further reduction in the number of operators, and to more co¬ 
ordinated control. 

More recently, electric transmission, particularly in the pulse- 
coded form, has removed the barrier created by long distances 
completely. For instance, pipelines are now being operated with 
completely automated pumping stations supervised from one of 
the terminals^, and tankfarms from a central control room. Fur¬ 
thermore, it is possible to link up a computer in a central position 
with the operation of a distant refinery^. 

The Application of the Theory of Feedback and Control 

This, which originated before the war in the field of electronic 
amplifiers, was further developed during the war in the field of 
servomechanisms. Weshall return to this pointinmoredetail later. 


The Introduction of Automatic Quality Analysers 

In the past, the quality of products was usually analysed in 
a laboratory. The time for taking a sample of the product, bring¬ 
ing it to the laboratory, making the analysis and informing the 
process operators of ^e results usually takes several hours. 
Hence, the response of this manual feedback control system is 
very slow. Moreover, all human errors related to the carrying 
out of frequent routine jobs interfere with good operation. 

Nowadays, automatic quality analysers are replacing labora¬ 
tory analysis. The instrument manufacturers have solved the 
problem of unattended operation imder process conditions, and 
the process industries have learned how to introduce and main¬ 
tain these relatively complex instruments®. 

As an illustration of the progress in this field a survey of the 
number of automatic quality analysers in the Royal Dutch/Shell 
Oil refinery and chemical plants of Pernis in Holland is given. 


Year 

1955 

1960 

1962 

Number 

40 

163 

275 


The Introduction of Computers 

The use of general-purpose digital computers is paving the 
way for optimum control of complete refineries and chemical 
plants. The complexity of this job exceeds the capabilities of 
human beings. 

Cases have been reported, and the experience has been con¬ 
firmed within our own company, where the computer could im¬ 
prove the production even of processing plants where staff have 
had many years of extensive operating experience. 

The endeavour to achieve optimum control, i. e. bringing 
process conditions in line with the values which are the most 
economic instead of the values which are merely constant, is the 
modern approach in oiir work. We shall noW discuss in more 
detail how this can be realized in the chemical and oil industries. 
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Hierarchy of Coatrol 

By way of an example, let us examine a large oil company 
with many refineries and marketing outlets. It is obviously out 
of the question in the case of such a company to find optimum 
values for all degrees of freedom by means of one computer 
programme. 

It would be preferable to divide the company into smaller 
units and to optimize each unit separately by means of a com¬ 
puter programme of a reasonable size. However, in this way, the 
overall optimum is lost sight of, as non-optimum operation of 
one unit can improve the overall optimum. 

The most plausible solution is to use some form of hierarchy; 
where a higher level commands a lower one and a lower level 
has to obey a higher one^. In this command-obey situation it is 
vital to have ‘play* and feedback. The command should give the 
lower level a margin of freedom. Then the lower level can ex¬ 
periment within this margin and feed back its experience to the 
higher level. 

Figure 1 shows a possible setup. At the highest level a model 
of all operations within the company is shown, each operation 
being represented in a greatly simplified form. This model, pro¬ 
grammed on a large digital computer®, determines the allocation 
of crude oil to the various refineries, indicates the products which 
have to be manufactured (quantities and qualities) in each refin¬ 
ery, and shows how the transportation between refineries and 
marketing outlets should be arranged. 

The inputs of this corporate scheduling programme are the 
marketing requirements which are based on a forecast of cus¬ 
tomer demands for the near future. 

The next level in the hierarchy is formed by the refineries. 
They are given a margin of freedom within which they can deviate 
from the product quantities and qualities stipulated by the high¬ 
est level. In addition, they also receive the marginal values for 
their products. These marginal values are equal to the change in 
company profit if one additional ton of the product is made or 
if the quality of the product is improved by one unit. 

The refinery scheduling programmes now determine the opti¬ 
mum distribution of feed streams to the plants and the quantities 
and qualities of intermediate products. Furthermore, the refin¬ 
eries return information to the corporate scheduling programme 



-► Flows and qualities, margins, marginal values 

-► Performance 

Figure L Hierarchy of Control in an oil company 


about the performance obtained. In this way, the model in the 
latter programme can be improved and regularly updated. 

This procedure is repeated lower in the hierarchy. The plant 
programmes receive target figures for their input and output 
streams, some freedom for deviation being allowed for. In their 
optimization, they are guided by the marginal values given to 
them by the refinery scheduling programme. 

The plant programmes should minimize the cost of opera¬ 
tion, which generally implies the lowest possible utility and 
chemicals consumption. This can often be done separately from 
the optimization of product quantities and qualities. 

The lowest level in the hierarchy is formed by the control 
system for individual process conditions. Here the feedback to 
the higher level is based on the measurement of the actual behav¬ 
iour of the process. 

We shall now turn to the fundamental problems in the proc¬ 
ess control field and their solution, as viewed in the light of the 
hierarchy of control. 

Description of Process Behaviour 

For the analysis and synthesis of the individual control 
systems, the dynamic behaviour of the process is an important 
aspect. Therefore it is not surprising that at this Congress several 
papers are devoted to this subject®-^®. 

The first work in process dynamics was done long before 
automatic control was used. Technologists had to design and 
operate batch processes which are inherently dynamic. Other 
subjects are the start-up of continuous processes and the opera¬ 
tion of processes which can become imstable. 

An example of the latter was discussed by Volter® at this 
Congress. He uses the Lyapimov method and phase-plane tech¬ 
niques to investigate the stability of the process in detail. 

Similar activities have been originated by Amundson and 
co-workers^®. 

The Measurement of Process Dynamics 

The most important ways of measuring dynamic behaviour 
are: 

The step method— is simple and fast but ^sily spoilt 
by process disturbances. A way of diminishing the influence of 
the latter is to take an average for a series of step rwponses by 
introducing, for instance, a square wave. It is surprising that this 
type of approach seems to have been little used so far. 

The pulse method, introduced by Hougen and Lees^^ places 
more emphasis on the higher frequencies, which are usually the 
most important for control. 

The sine wave method is very useful when accuracy is impor- 
^^^15-18^ Moreover, it is less sensitive to process disturbances, 
especially when the Fourier analysis is applied^®"®^. Another 
advantage is that non-linear behaviour clearly shows up as a 
distortion of the sine waves. 

The disadvantage of the sine wave method is that it takes a 
great deal of time. This can be improved by introducing sine 
waves simultaneously®^* ®®. 

The natural disturbances method —Here the dynamics are deter- 
mined from the effects of the actual process disturbances**-*^ 
However, records covering a long period are necessary, so that 
there is a chance that the results will be spoilt as a result of 
changes in the process. Moreover, in complex processes, where 
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disturbances often reach a given point along different paths, it 
can be very difficult or even impossible to extract the individual 
responses from the results of the measurements. 

Finally, in the petroleum and the chemical industries there 
can rarely be any serious objection to the careful use of test sig¬ 
nals, so that the natural disturbances method loses its only real 
advantage over other methods. 

Thieory of Process Dynamics 

A fundamental problem in the theory of process dynamics 
is the complexity of modern processes. For instance, even a 
much simplified description of a distillation column with N trays 
and two components (binary piixture) requires {N -f- 2) non¬ 
linear differential equations of the first order (AT can have values 
from 10 to 300). Moreover, a typical plant contains several of 
these distillation columns, interlinked by heat exchangers and 
coupled in complex ways wiffi chemical reactors or other plants. 

It is obviously advisable to give a simple description of pro¬ 
cess dynamics. In this respect, it is useful to make a distinction 
between flow variations and composition variations. Flow and 
heat flow variations usually travel much faster and with less 
damping through plants than concentration variations, so tliat 
their effect on control is more pronounced. 

Moreover, since controllers usually manipulate a flow, these 
variations also play a most important role in the study of stability 
and speed of control loops. 

Unfortunately, the responses to flow variations seem to re¬ 
ceive less attention than responses to concentration or tempera¬ 
ture variations. For instance, in their survey paper on heat ex¬ 
changer dynamics, Williams and Morrises found only one out of 
42 papers dealing with flow variations. (The reason probably 
stems from the desire to avoid non-linear phenomena.) 

However, good results have often been obtained by lineariz¬ 
ing the equations^®* 

At this Congress, Delvaux’ gave an example of this approach 
as applied to a heat exchanger and a mixing process. Moreover, 
the papers of Anisimov®, Zavorka®, a:nd Izawa and Morinaga^® 
discuss linearized models of distillation columns. 

Izawa and Morinaga also compare calculated responses with 
empirical ones. A more qualitative than quantitative agreement 
is obtidned, which seems to be due to the difficulty of estimating 
the numerical values of the hydraulic tray parameters. These 
parameters appear in the linearized version of the relationship 
between the liquid flow, the vapour flow and the liquid hold-up 
of the tray. 

In the research on distillation dynamics done by Shell, we 
have experienced the same difficulty^®* ®®. Therefore, it seems 
desirable to devote more attention to the determination of the 
hydraulic tray parameters for commercial tray types under var¬ 
ious loading conditions. This work could probably be incor¬ 
porated in the conventional experimental work for pressure drop 
capacity and efficiency data. 

Quite a different study of distillation dynamics is presented 
by Moczek, Otto and Williams^^, who use large step changes 
(10-25 per cent) as input variations. 

The calculated responses appear to be extremely non-linear, 
which is contrary to the work discussed in connection with the 
other papers on column dynamics. It would be interesting to 
know how the transition from the linear to the non-linear case 
takes place and where the assumption of linear behaviour be¬ 
comes unrealistic. 


The dynamic consequences of assuming different mixing 
models for the tray liquid are discussed by Takamutsu and 
Nakamishi^®. 

We shall not go much further into the existing literature on 
process dynamics. For multi-stage processes (distillation columns, 
heat exchangers, etc.) there are excellent surveys by Archer and 
Rothfuss®^, Williams and Morris^ and Rosenbrock®®, Here only 
some of the more recent work will be mentioned. 

Other processes are also receiving more attention, such as 
multi-stage processes in general®®; a fluidized bed®’; a crystal¬ 
lizer®®; and a liquid-liquid extraction column®®. 

To conclude our remarks on process dynamics, we should 
like to make a plea for the adaptation of the dynamic model to 
the particular application. For instance, there are numerous 
studies on column dynamics where liquid hold-ups and pressures 
are assumed to be constant. Consequently, flow variations travel 
infinitely fast through the column. This is all right for calculating 
the rate of approach to equilibrium but unsatisfactory for the 
study of feedback control systems, where hydraulic delays just 
contribute the phase lag required to reach 180°. It is therefore 
desirable to establish a close relationship jbetween the dynamic 
model and the purpose for which it will be used; for instance, 
it might be much simpler to have two separate models for the 
low and for the high frequencies respectively than to have one 
valid for all frequencies. 

Description of Disturbances 

Hitherto, the description of process disturbances has been 
the Cinderella of process control. The prince of stochastic 
processes®®* ig awaiting her arrival, but the carriage of experi¬ 
mental data is not yet ready. 

One of the few known studies into disturbance patterns was 
carried out by Van der Grinten^* His experimental power 
density spectra correspond to white noise passed through a first- 
order low-pass filter. 

In practice, control systems are also subject to disturbances 
which differ from the familiar picture of random noise. Step 
changes, in particular, are quite common and are often the most 
troublesome to control. In the Appendix disturbances are classi¬ 
fied according to their sources. 

Automatic Control Systems 

We now wish to return to the synthesis of the various build¬ 
ing blocks into automatic control systems, as viewed from the 
standpoint of the hierarchy of control. 

The following subjects are discussed: single-variable feedback 
control, multi-variable feedback control, feedforward control, 
optimizing control and the application of computers for control 
purposes, and automation of discontinuous process^. 

Single-variable feedback control —^Work is still in progress 
on control systems for a single process condition. 

Part of this work is concerned with the prediction of adjust¬ 
ment of controller actions in line with the dynamics of the 
process^. However, in practice, good controller settings are ob¬ 
tained by trial and error procedures, i.e. by incorporating the ob¬ 
served effect of a change in the setting on the quality of control. 

One of the problems is the influence of changes in process 
operation on the dynamics of the loop. The non-linear charac¬ 
teristic of the control system, in particular, can cause difficulties. 

At this Congress, Isobe and Totani^ demonstrate an adapt¬ 
able system for adjusting the gain of the controller. They intro- 
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duce a square-wave disturbance and measure the effect on the 
mean square deviation. 

Such adaptable systems are usually too expensive for practi¬ 
cal application in the oil and chemical industry, if they only serve 
one control loop. 

In the near future it can be expected that the application of 
computers will make the automatic adjustment of actions pos¬ 
sible for all control functions together. 

In complex processes, variations in one location often affect 
another. For instanccj if a series of chemical reactors have tem¬ 
perature controllers acting on the cooling water supply, a sudden 
movement of one control valve is felt by the other control loops. 
Hence, it is advisable to avoid valve movements which are too 
violent; thus, controller actions should be set more conserva¬ 
tively. 

This problem resembles those associated with the limited 
excitation range of servomotors in servomechanisms. 

A novel approach for designing control systems for distilla¬ 
tion columns has been developed by Rosenbrock^, who uses the 
concept of the amount of disturbance, which is defined as the 
sum of the absolute values of the rates of change which occur 
on the trays, the reboiler and the condenser. Later^®, Rosenbrock 
has shown that this ‘amount of disturbance’ has the properties 
of a Lyapunov function, and he stipulates that control should 
reduce the ‘amount of disturbance’ as quickly as possible. 

In our opinion, Rosenbrock’s criterion does not take suffi¬ 
cient account of the top and bottom compositions. In principle, 
composition variations should not cause concern as long as they 
do not leave the column via top or bottom products. Consequent¬ 
ly, we think that the criterion should only be concerned with the 
product compositions. 

As we have already stated in the introduction, direct and 
automatic measurement of product composition is becoming 
more and more important. Moreover, automatic quality control 
is also being introduced with good results^^. By running closer to 
the specification limits, the overall economy can often be con¬ 
siderably improved over what is possible by manual control. 

One of the most popular automatic quality analysers is the 
GLC or chromatograph. It operates on the repetitive analysis 
of small samples, so that control is of the sampled data type. 
Here, techniques such as Z-transformation can be useful. 

It is surprising how reliably a complex device like an auto¬ 
matic GLC can operate in the plant. This serves as a real 
contradiction to the popular belief that complex devices are of 
necessity unreliable. 

Multi-variable Feedback Control —^In refinery and chemical 
plants, there often is much interaction between control loops. 
The bad effects of interaction can be minimized by connectings 
the controllers to the correct control valves or by changing the 
scheme in other ways. 

An example of this is given in the paper by van der Heyden 
and van Nes^, who discuss the design of a power recovery 
system for a catalytic cracker, where the control systems for eight 
turbo-compressors interfere with each other and with the control 
loops of the cataljdic cracker regenerator and the CO boiler. 

An analytic study of this complicated system is impossible 
and therefore it has been simulated on a large analogue computer. 
One of the results of the study was the desirability of changing 
the line-up of the process. It is a great moment for control 
engineers, when they can play the process designers at their own 


game instead of being obliged to adhere strictly to their designs, 
both thus benefiting from the exchange. Another example of 
this, but for a much simpler system, is discussed by Kijlstra^®. 

A more radical way of solving the interaction problem is to 
eliminate it by uncoupling the multi-variable control system. 
This has been applied to steam boilers®°» but not yet to the 
same extent where other types of plant are concerned. 

Recently, Rosenbrock^^ has introduced the interesting idea 
of making use of the interaction between process conditions for 
improving control. His starting point is in chemical processes 
and usually only as many output conditions are measured as 
there are input conditions available for automatic control. By 
using the measurements of additional output conditions, which 
are influenced by the same input conditions, a better result can 
be expected. 

In principle, Rosenbrock’s method is to install a linear trans¬ 
formation device between the process outputs and the controller 
inputs and another similar device between the controller out¬ 
puts and the process inputs. 

As seen from the controller’s position, the process matrix can 
then be diagonalized, so that the controller only has to deal with 
a set of non-interacting, non-minimum phase response of the 
first order. As a result rapid control is possible. 

It will be interesting to see Rosenbrock’s method applied to 
a specific example. It will then be possible to judge whether the 
control valves still remain within their ranges and whether the 
secondary time constants do not affect control performance as 
adversely as they do in conventional control. 

Feedforward con/ro/—Feedforward techniques can be used 
to supplement feedback control. In recent literature there are 
some proposals for distillation columns®®* 

Optimization-AJnt]! recently the choice of the set points was 
considered to be outside the province of process control. But 
starting with scheduling, that is, the planning of operations, a 
more logical and mathematical approach was initiated. 

There are two basic methods for optimization®®. 

(/) Using a mathematical model of the process (predictive 
method); 

(«) experimenting with the process (exploratory method). 

In the first method, the process behaviour is assumed to be 
known with sufficient accuracy. All knowledge is digested in 
a mathematical model, which is then incorporated in the pro¬ 
gramme of the computer. 

In the second method, it is assumed that hardly anything is 
known about the process. The computer (computing device) 
introduces small changes into the process and watches the effect 
on the economy of operation. If the economy improves, further 
changes are made in the same direction; if the economy deteri¬ 
orates, the direction of change is reversed. 

The mathematical model method fails if the process beha¬ 
viour is not completely predictable. 

Difficult points in chemical and oil processes are, for instance, 
varying tray efficiency in distillation columns, poisoning of 
catalyst in conversion processes and side reactions in chemical 
reactors. 

The experimental method avoids most of these difficulties. 
However, if the number of degrees of freedom (‘control valves’) 
is larger than, say, three or four, it will take a very long time to 
find the optimum. Even for one or two degrees of freedom the 
experimental method might be too slow if there are rapid and 
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extensive variations in the process. This possibly explains why 
optimizing controllers (‘hill-climber’ have given disappoint¬ 

ing performance®® except in some isolated cases. 

Obviously, a better result can be obtained by combining the 
two methods. The mathematical model in the computer can be 
kept up to date (adapted to the process) by feedback of infor¬ 
mation from the process. 

Many plans for the application of large computers to process 
control are based on a mathematical model®’* In the begin¬ 
ning, the description of the process performance was a very 
simplified procedure and linear programming was adequate. 
Gradually, however, the mathematical model became more 
refined and the optimization techniques became more compli¬ 
cated. In many cases, non-linear optimization is necessary®^* ®®. 

All these optimizing techniques make use of a value function. 
This value function must be maximized, while taking into ac¬ 
count the physical constraints. In this way, it is possible to cal¬ 
culate the set points of the individual controllers. However, this 
gives rise to a fundamental problem. 

There is an influence firom the past on the present, and fur¬ 
thermore future requirements have to be taken into account. For 
instance, having operated a reactor at a high severity in the past 
might have deactivated the catalyst so severely that in the present 
and in the future good operation is impossible. Another is the 
influence between past, present and future due to the stocks. 

With regard to the on-line digital computer, we can make 
the following comment: It should not be used only as an opti¬ 
mizer, because it has many more potentialities, such as feedfor¬ 
ward action, xmcoupling of multi-variable systems, better ac¬ 
counting, emergency detection®’ and action, and is also capable 
of taking over the control function of simple control loops. 

As process control computers are rather expensive devices, 
each of their memory locations should be used as efficiently as 
is possible. Therefore one should strive for the most rational 
balance between the various potentialities mentioned above. 
Often the process study, which precedes the application of an 
in-line process control computer, has led to other ideas for im¬ 
proving process optimization. For instance: modification of the 
conventional control system, installation of additional plant 
equipment®®, using automatic quality analysers®®, etc. Computers 
are not a cure-all. 

As a result, the size of the problems can easily exceed avail¬ 
able computer technique. Even if this was not a limitation, the 
cost of the calculation would be prohibitive. Therefore, one is 
forced to accept limitation of the size of the problems. Often this 
means that a number of optima are calculated independently, 
in which case the proper relationship of the individual parts is 
of prime importance. 

The frequency of the important disturbances influences fre¬ 
quency at which a calculation must be performed, and that again 
provides a basis for the selection of an off-line computer, an on¬ 
line digital computer or an analogue computer, the last-named 
covering the smaller systems and the high frequencies’®. 

Automation of Discontinuous Processes-^ThtT^ are fields 
which are completely different from that of more or less contin¬ 
uous processes. We can refer to loading and unloading of tankers, 
barges and tanks, pipeline operations, the filling of LPG bot¬ 
tles, the operation of in-line blending systems, etc. The tech¬ 
niques applied have much in common with the material hand¬ 
ling industries. It is an area easily overlooked when dealing 
with automation in the oil and chemical industries. 


At this congress, Montjean discusses the automatic loading 
of railroad cars’®, and Boston and Sollecito’^ give a statistical 
analysis of a flow control system for blending purposes. 

Also of great importance is the optimization of batch proc¬ 
esses, and of the starting-up and switching-over of continuous 
processes. 

Here the methods of Pontryagin and Bellman can be partic¬ 
ularly useful. 

Future 

We expect that more and more automation will be used with 
the emphasis on arriving at the most economical operation. It is 
not always necessary to think of the use of computers in that 
respect. 

Conventional equipment can be used in certain instances to 
achieve optimization’®. The challenge is in the analysis of the 
problem and in the prescription of the best equipment for the 
job. It is the philosophy that matters. 

Since manufacturing plants cannot be considered independ¬ 
ently of each other and since data transmission over long dis¬ 
tances is no longer a technical problem, large integrated data 
handling and control systems can be expected’®* ’®. In these 
sophisticated systems it is very important to avoid the processing 
of incorrect data. Screening and error detection methods will 
therefore be an integral part of the system®. Automatic data 
reduction is another powerful technique to reduce the amount 
of clerical work required for supervising plant performance. 
Safety is an aspect that is benefiting more and more from auto¬ 
matic control. In this respect we refer to both the detection of 
an emergency and the automation of logical reactions to such 
an emergency. 

It seems that electric systems have advantages for all these 
developments. However, for the more conventional systems, 
pneumatic apparatus is still adequate. 

This brings us to the last controversy: digital versus analogue 
signals. It is safe to assume that for long distances and low fre¬ 
quencies the digital form of a signal will be the most adequate, 
whereas for short distances and high frequencies analogue sig¬ 
nals will be more suitable. 

If, however, digital computers become reliable enough, even 
the ordinary control tasks may be taken over by such a com¬ 
puter®®* ®®* ’®. The beauty of this is that the type of the signal will 
be consistent throughout the system. We shall therefore conclude 
by saying that the challenge to the computer manufacturers is to 
provide reliable, flexible and economical equipment, which can 
be used in solving our control problems. 

Appendix—Classification of Disturbances 
Operation Variations 

A very important source of disturbances is variations intro¬ 
duced by the operating personnel. They change the process from 
one feed to another, increase or decrease the throughput, adapt 
the products to marketing requirements, and trim the set points 
of controllers. For the process as a whole, these variations are 
intended to be beneficial, but for the individual control loops 
they are indistinguishable from other disturbances. 

The usual form is a step or a series of steps. This is an indica¬ 
tion that the common step response is not so unrealistic after all. 
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A way to make this source of disturbances less important is 
to put a filter between the set point knob and the set value in the 
controller. 

Equipment Breakdowns and Repairs 

These disturbances take the form of a large step in one direc¬ 
tion, followed by a step in the opposite direction after a shorter 
or longer time. At the spot where they occur reduction by auto¬ 
matic control usually is impossible. However, some distance 
away, control loops might be able to work properly. 

UiiUty Variations 

Utilities like electricity, steam, fuel and cooling water are 
connected to many users. Hence operational variations and those 
due to equipment breakdown or repair are here so frequent that 
it might be possible to describe the resulting variations in terms 
of continuous random noise signals. 

Limit Cycles 

Limit cycles can be caused by unstable control loops, or by 
inherent instabilities or resonances of the process. They are quite 
common, and can sometimes travel quite far, for instance through 
a complete utility system. 

Ambient Variations 

Most of the ambient variations have already been included 
in the utility variations. In tropical areas, and for small-scale 
processes, sudden rainfall can be a problem. When air-cooling 
is used, day and night variations can seriously disturb distillation 
columns. 

Fouling and De-activation 

These effects usually are so slow that control has no trouble 
with them. 

Measurements Noise 

Just as with servomechanisms, noise should be well distin¬ 
guished from disturbances. Disturbances influence the actual 
values of the controlled conditions, hence control should strong¬ 
ly reduce their effects. On the other hand, noise only influences 
the measured values of the controlled conditions, hence control 
should ignore it as far as possible. Examples are; turbulence 
noise with flow measurement, and waves with level measurement. 
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Dynamic Characteristics of Binary Distillation Column 

K. IZAWA and T. MORINAGA 


Summary 

This paper presents the transfer flinctions of the binary distillation Anzahl von Bdden haben. Die aus der Obertragungsfunktion berech- 
column for change of such variables as reflux flow, vapour flow, feed neten Frequenzgange stimmen ziemlich gut mit den experimentell 
flow and feed composition. These transfer functions are based on ermittelten Werten uberein. Die Frequenzgange zeigen, daB die Ver- 
material balance equations. The material balance equations in the zogerung des Flussigkeitsdurchflusses zwischen den B6den die Haupt- 
form of Laplace-transformed finite difference equations would ursache fiir die groBe Phasennacheilung bei hohen Frequenzen ist. 


encounter physically unreasonable boundary conditions when solved 
directly. 

The transfer functions under discussion are derived by reduction 
of the signal flow diagram and by use of the theorem of continued 
fraction. Therefore the transfer functions are free from the unreason¬ 
able boundary conditions. The time for calculating frequency response 
from them is independent of the number of trays. This feature is a big 
advantage in the frequency response calculation of the practical 
column, which usually has a large number of trays. The frequency 
responses calculated from the transfer functions are in fairly good 
agreement with experimental data, and they reveal that the lag of 
liquid flow between trays is the main cause of a large phase lag in 
high frequency range. 

Sommaire 

La pr6sente communication expose les Equations fr6qentielles de 
la colonne de distillation binaire, lorsque le d6bit de reflux, le d6bit 
de vapeur, le ddbit d’alimentation et la concentration de Falimenta- 
tion varient en tant que grandeurs d’entr^e. Ces Equations fr6quen- 
tielles reposent sur les Equations d’^quivalence de mati^res qui sous 
la forme d’6quations diffdrentielles ayant subi la transformation de 
Laplace se heurtent k des conditions aux limites physiques d6raison- 
nables, lorsqu’elles sont rdsolues directement. 

Puisque les 6quations fr^quentielles expos6es ici seront trait^es 
par Temploi des graphes de fluence et du th6or§me des fractions 
continues, elles seront ind6pendantes de conditions aux limites 
d^raisonnables. Le temps pour le calcul de la r6ponse fr^uentielle k 
partir des 6quations fr6quentielles est ind6pendant du nombre de 
plateaux. Cette propri6t6 constitue I’avantage important du calcul 
fr^quentiel de la colonne pratique qui possMe habituellement de 
nombreux plateaux. Les r^ponses fr6quentielles calcul6es se v^rffient 
assez bien par les donates expdrimentales et les r^ponses fr^quentielles 
indiquent que le retard de T^coulement du liquide entre les plateaux 
est la cause principale du retard de phase important aux frequences 
eievees. 

Zusammenfassung 

In diesem Aufsatz sind die Dbertragungsfunktionen von Destilla- 
tionskolonnen fiir binSre Gemische dargestellt, wenn sich die RBck- 
laufmenge, die Dampfmenge, die Zulaufmenge, und die Zulauf- 
konzentration andern. Diese Dbertragungsfunktionen beruhen auf 
den Materialbilanzgleichungen. Die Laplace-Transformierte dieser 
Materialbilanzgleichungen fUhrt auf Differenzengleichungen, deren 
direkte Ldsung physikalisch unverntinftige Grenzbedmgungen 
erfordert. . 

Die hier betrachteten Ubertragungsfunktionen werden aus oem 
SignalfluBdiagramm und der Kettenbruchdarstellung hergeleitet; 
damit lassen sich diese unverniinftigen Grenzbedingungen umge en. 
Per Aufwand zur Berechnung der Frequenzgange aus den Uoer- 
tragungsfiinktionen hangt nicht von der Zahl der Bdden ab. piese 
Tatsache stellt elnen groBen Vorteil fUr die Frequenzgangberechnung 
tatsachlich existierender Kolonnen dar, da diese meistens erne grobe 


Introduction 

The dynamic performances of the distillation column under con¬ 
sideration are responses of liquid composition due to the change 
of such variables as feed composition, feed flow, reflux flow or 
vapour flow. Among these, the responses for reflux flow change 
and vapour flow change are important for control purposes, 
because these variables are chosen as controlling or manipulating 
variables. In spite of their importance, there are, so far, few 
studies on the dynamic characteristics for flow changes’* but 
there are more for feed composition change^"®. 

The basic material balance equations are finite difference- 
differential equations of constant coefficients for composition 
change, while those for flow change become finite difference- 
differential equations of variable coefficients which are more 
complex, even when linearized by limiting the amount of variable 
change within narrow range. These basic equations are solved 
analytically as finite difference equations in past works, and 
physically unreasonable boundary conditions cannot be avoided. 

Another method for solving the basic equations is to use 
computers, analogue or digital. The method xtsing analogue 
computers is applicable only for the colximns with less trays, 
because the necessary number of computing elements increases 
greatly with the number of trays. 

The transfer functions of liquid compositions are derived in 
this paper for the changes of reflux flow, vapour flow, feed flow 
and feed composition. These transfer functions are based upon 
material balance equations, but the equations are not solved here 
as finite difference equations. The transfer functions are derived 
by reduction of the signal flow diagram and by the utiUzation of 
hyperbolic functions which are useful in reducing continued 
fractions to compact form. In consequence of this reduction 
process to obtain the transfer function, the obstacle of using un¬ 
reasonable boundary conditions can be completely removed. 

The other merit of this is that the time necessary for cal¬ 
culating the frequency responses is almost independent of the 
number of trays. This is of particular advantage for the study of 
columns with a large number of trays, as seen in practical cases. 

Transfer Function for Reflux Flow Change 

The basic equations are obtained from material balance with 
the following assumptions: (a) the liquid on the tray is perfectly 
mixed; (b) Murphree efficiency is unity; (c) the heat balance is 
not considered, and the molar heat of vaporization of both 
components is equal; therefore, vapour flow rate is constant 
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throughout the column; (</) liquid hold-ups of reboaer and («„| and |/8„| are generaUy smaller than Vs- In that case fre- 

conde^r are constant; (e) liquid hold-up in the down pipe is quency response can be calculated directly from eqn (8) by 

ne^ed; and vapour hold-up is neglected. Gauss-Seidel’s method. This calculating method is practical 

The equuibnum curve is linearized for small variations of in the case of a small number of trays. 


^ -- — ^ JUAVJLfcJlIi/WJL ^A**TIP* 

composition as -ru • , ~ „ 

y„=K„x„ (1) ihe signal flow diagram drawn from eqn (8) is shown in 

Liquid flow in the reflux pipe is assumed to be piston flow, ^ ^e^uc^ to simpler form as shown in 

Material balance equations for more volatile component are \ ^ansmittence F„m the reduced diagram be- 

linearized by assuming only smaU variations of variables, and foHowmg contmued fraction. 

Laplace transformed. Thus the equations obtained are: ^ 

for arbitrary tray No. n A 

= (2) 0^ Uo ' Fo 

forreboiler («=1V) ^ ,, 1 . 

(3) M 

for condenser (n = 0) 0*'rsf I Pi i fz 

(4) *1 ^ -W ^2 O-xj 

where / \ 

^ 'I iuisf f A2 1 '' F, 




(n = l,2. N) 









V^K 

(n = 1.2,....iV-l) 
(n=l,2,...,iV) d=^ 

The relation between the liquid hold-up of tray and the 
liquid flow rate L is expressed as 

•Hii “ I^iio "b (6) 

(,H^ and T are constwt) 

From material balance and eqn {€), lag of liquid flow is 
expressed as follows: j 

Combining eqns (2). (3), (4) and (7), the foUowing basic simul- 
taneous equation is obtained. 



Figure 1 . Signal flow diagram due to eqn (8) and its reduction 

■Po = Po 

__fn_ 

,_ «/»*! A _ 

1_ _ f‘n*2 Ai*1_ 


’ -fio 0-- . 

> > N N 

J N N V X. 

X ^ V 

I X N V N s 

I N N ^ 


0 

ViO^TsT^ 


^ JSn-Z (11) 

1- ayv /JjV-1 


^0' I ; 


1+1 + 1 A 


1 


0 ' of/v 1 


Vn ' (Ursy^’J (8) -jS„-iF,= ^n§n-t _^Z^Zl (12) 
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In order to simplify eqn (12), the following approximation is 
made. 

... ••• 

1+Ts ’ * 

( means averaging) 

The approximation eqn (13) is reasonable when the liquid hold¬ 
up Hn is approximately constant, and the vapour-liquid equili¬ 
brium curve is close to the diagonal x = y. With this approxima¬ 
tion, eqn (12) is rewritten as 

(15) 

N-n+l 

Let the &th convergent of this continued fraction bep^qia then 
Pt, and arc equal to the coefficient of in the power series 
expansion of the following Sj, and Sq, respectively. 

S.= , (16) 

" 1—x-l-ux 

_ 1 “WX tin\ 

* 1—xH-ux 

Expanding Sj, and S, in power series of x, pjjq^ is obtained as 
follows: 

gt_ sinhfct) QgN 

qj sinh(fe-bl)n 

where 

cosht)s-^u“* (19) 

Eqn (15) is the (JV - n 4- l)th convergent. Therefore, 

sinh(JV-n-H)u ^20) 

"“sinh(JV-n+2)u 


The transfer function of liquid composition on arbitrary 
tray for reflux flow change is easily obtained from Figure 1 (b) as 


4=-z,+’f:‘z,- n F. (“) 

‘0 1=1 fc=i+l 

Substituting eqns (20), (24) and (25) into eqn (26), and utilizing 
the formula on hyperbolic functions 


one obtains 


sinhCv-x) 

sinhx'sinhy 


=cothx-cothj; 


x„_ -4. sinh(JV—n-t-l)p 
sinho-sinhiVu 

X E Vt(l+‘ts)"^*"‘^sinh(fc-l)o 

(t=2 

-4. sinh(n-l)t> ( 

sinhu’sinhNi? 

X Yj ■)»ik(l+Ts)”^‘'"‘^sinl»(l^~l^+l)‘' 

fc*n+l 

u“* sin h(jy—n-bl)p 
'*^(l-aijSo) sinhAro‘smh(N-l-l)o 

X Y ?t(l+w)"^*'"‘^sinh(JV-k-H)p 


(18) 

If s are approximated as 

(29) 

yi=y2N...=yN=? 

(19) 

’^“1-1-Ts ” “ 

(30) 


and one utilizes the formula 
2 a‘“^cosh(k—l)o 

l-acoshp-a”coshno-l-o"’*'^cosh(n-l)o 

l-2acosho-i-fl^ 


The transmittance Z„ in Figure J(6) is expressed as foUows: ^ ^^g) is rewritten as follows: 

Zi = .i JntyV ' p : (21) X, c7 sinh( N-n-H)o ,^ 

(l-<xA)(l-FA) sinhp-sinhJ^ 


Z,=y«(l-bTs)-<'’-^> . (22) 

y,(l-bTs)~<"~^^+AZ«+i („=2,3,...,W-1) 

l-J'.+iA (23) 

By the use of eqns (13) and (20), eqns (21), (22) and (23) can be 
expressed as 

^^“(l-ai)5o)sinh(iV-l-l)»‘fc?i^ 

xsmh(A(—/ c-I-1)p (24) 

Z ___• y y*(l-HTs)-<‘"'>sinh(JV-fc-l-l)p 

" smh(iV-n+2)o , 

(n=2,3,...,W) (25) 


Ci si nh(n-l)p 

X (1 + TS)"^ • #N_„+ 1 ((1 + 'ts)>») 

7 sinh(jlV-n-bl)p _ 

(l-«i^o)-sinhJVp-sinh(JV+l)» 

x(l-bTS)”*^'tPw+l((l + ts),o) (52) 


where 


1— p cosh p—p^ cosh cosh (fc 1 )p 

^ l-2pcoshp+p'^' ^ 
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Eqn (28) or eqn (32) is the desired transfer function. Frequency 
response can be calculated from the transfer function if one 
puts s =J 0 It is clear that the time for frequency response 
calculation does not depaid on the number of trays, because the 
functional form of the transfer function is very simple with N. 

If one neglects the lag of liquid flow, i.e. t= 0, the calr nia te d 
ph^ lag does not go far beyond njl rad. The large phase lag 
in high frequency range can be explained only with the con- 

sideration of this lag of flow. In general, (aj, h*_,)i is veiy close 
to Vas therefore, by eqn (19) 

coshoNl+jmr (34) 

Consider only in high frequency range, then 

uNarccoshmT+yarccos(l/©r) 
=ln2mT+;7r/2 (35) 


Eqns (37) and (38) reveal clearly the effect of liquid flow lag. 
The effects of hold-up in the down pipe appear in chanys of 

and but the changes of «„ and have no effect on the 
frequency response in high frequency range. This can be ex¬ 
plain^ m the same way as above. Therefore, the most impor- 

tot factor in the distillation column dynamics is the liauid 
now lag. 

Figure 2 shows the Bode diagram of the calculated values 
by e<p (32), the strict solution of the basic eqn (8), and the 
expmmental data for the six-tray bubble-cap column A of 
methanol-water mixture whose dimensions are shovm in 
TMe 1 , Values of the parameters are shown in Tabk 2. It is 
clrar from Table 2 that the methanol-water system is quite un- 
suited to the approximations, eqns (13) and (29). In spite of that, 
there is fairly good agreement between experimental data and 
theoretical curves. 


Therefore, keeping in mind the real part of v to be large, 

sinh ftt>=e‘ 72 = 2 *'~* ( 36 ) 

Considering |siiA*t;[ to increase very rapidly with k, eqn (28) 

^ be approxunated , with the substitution of eqn (36) as 
follows. For z = 0, ^ 


and for t 0, 


i^oc— 

lo <oT^ 



1 

(coT)„ 


•e 




(37) 

(38) 



Table 1 . Dimensions of Experimental Columns 



Diameter 

Space between 

Diameter of 

Number of 



trays 

bubble cap 

bubble 


mm 

mm 

ram 

capsjtray 

Column^ 

100 

180 

54 

1 

Column 

140 

170 

15 

18 


Table 2. Values of Parameters used for the Calculation of the Frequency 
Responses for Reflux Flow Change 


k 

7a? min 

Oje 

bje 

Cjc 

0 

0-871 


0-445 


1 

1-692 

0-586 

0-428 

0-0358 

2 

1-938 

0-579 

0-526 

0-0562 

3 

1-940 

0-524 

0-701 

0-0613 

4 

1-420 

0-304 

1-150 

0-0256 

5 

0-914 

0-340 

1-230 

0-0138 

6 

0-622 

0-217 

1-387 

0-0044 

7 

10-11 

0-159 


0-0012 


z = 0-56min; d = 3-47 min 


Transfer Function for Vapour Flow rhang^ 


The basic equation is also based on material balance. In this 
case changes occur not only in vapour flow but also in liquid 
flow because of liquid hold-up change with vapour flow change. 
Liquid hold-up is related to vapour flow rate and liquid flow 
rate as follows: 

H„=H„o+rL-KV (39) 

From material balance and eqn (39) 


/..= 


1 + TS 


KS 

1-1-TS* 


(40) 


F^e 2. Frequency responses of Column A for reflux flow change 

- - theoretical curve by eqn 02 ); - exact solution of eqnOY, 

O experimental data for 2nd tray; x those for 4th tray; A those 
for 6ih tray 




r XJX. vvixotoilt iC^iXUA now. ixicrciore, 

L (41) 

r [ (l+Ts)") ^ 
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The following basic equation is obtained in the same way as in 
the case of the reflux flow change. 
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where 


1 +is {(1 


^ln~ - 'TXS 


(1+TS)" 


C2» = 


T Vi+V^K„ 


(n = l,2,...,JV) 


(42) 


K X^^-X\ 


^-1 {n = l,2,...,N-\) 


^2N 


_r YS-X% 

K X^^.,-X„ 


(43) 


ocn, Pn 9 and Tn are the same as eqh (5). 

Comparing eqn (42) with eqn (8), the transfer function for 
vapour flow change is obtained by replacing yjb (1 + 
in eqn (28) by y*'. 


Xn_^-i SinhiN-n+l)v i 
V sinh V • sinh Nv *=2 


yfcSinh(fc— 1 ) 1 ; 


I sinh(w-l)p 
sinh »• sinh iVt> 


N 


Y, 7tSinh(Ar—fc+l)u 

fc-ii+i 


^ u~* sinh(iV—n+l)p 

1—aij?o sinh iVjj-sinh (JV+l)o 

N 

xYj y'usmh(N—k+l)v 

fc-i 

If yj,' is approximated as 

eqn (44) is rewritten as 

» 4 io 


^2k 


sinh (N—n + l)v sinh -y v • sinh^^-^ u 


sinh V • sinh Nu * sinh —v 
2 


(44) 

(45) 


• 1 ./ . iV—n + 1 . .N-n 

sinh (n — 1) t? • sinh-r- v * smh —r— v 


sinh V • sinh Nv • sinh— v 


(46) 


j sinh (N—n 4* 1) t? * sinh—^— d* sinh—u 

^ sinh Wu • sinh (iV" 4 !)(?• sinh yu 

C 2 n of eqn (43) is generally small compared with unity, there¬ 
fore yn shows a large phase lag at high frequency. Then, the 
concentration response — xjv also shows a large phase lag at 
high frequency. 



Figure 3. Frequency responses of Column B for vapour flow change 

- theoretical curve by eqn (4Q; O experimental data for 2nd tray; 

X those for 4th tray; A those for 6th tray 


The theoretical frequency response curves calculated by 
eqn (46) are shown in Figure 3 with the experimental data. These 
data were obtained with the six-tray bubble-cap Column B for 
methanol-water mixture. The reboiler of Column B has a larger 
capacity than the reboiler of Column A, Therefore, Colunm B 
is worse for averaging approximation than Column yl. Error in 
C 2 n severely affects the frequency response of In the calcula¬ 
tion of the theoretical curves, the value of ?c in eqn (39) was 
estimated from the separate experiment with water flow and air 
flow, so that the value of k would include considerable error. 
This seems to be the main cause of discrepancy between theoreti¬ 
cal curves and experimental data. But they show the same.trend, 
which insists upon correctness of the transfer function thus 
obtained. 
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Transfer Function for Feed Flow Change 

In the case of feed flow change, let the feed be supplied to 
the mth tray. The following equation is obtained from material 
balance in the same way as for reflux flow change. 

Eqn (47) I * 


and are the same as eqn (5) except the ninnerator 
yO_vO 

(48) 


Comparing eqn (47) with eqn (8), the transfer function for feed 
flow change is obtained from eqn (28) by putting = 

= 0 and replacing yfc(l + r5')"(*~i) withy* (1 
for k’^rn. For enriching section (n < m), 


/sinh(n—l)tJ ^ 

. 1 

smh(JV—nH-l)t;\ 

1 sinh V 

o 

a 

1 

sinh(i\^+l)o J 


X Z ^*’‘"*^sinh(iV-/c+l)t; (49) 

k“m 

and for stripping section (n ^ m\ 

Xf smho-sinhWo k^,„ 

HJ-4-. smh(n-l)o 
sinhi?*sinh Nx> 



01 0-2 0-5 2 

■ > a> rad/mjn 


Figure 4, Frequency responses of Column B for feed flow change 

- theoretical curve by eqn (50); O experimental data for 4th tray; 

X those for 5th tray; A those for 6th tray 


N 

X Z yA(l+Ts)"^^’”*^sinh(iV--fe+l)i; 

^ sinh(JY—w + l)t? 

1—ai)?o sinhiVi?'sinh(7V’+l)t; 

N 

xZ yfc(H-'rs)“^*''’”^smh(iV-fc+l)t? (50) 

h^nt 

If XSi > Cfn is negative. ^ is generally positive, therefore 
the averaging approximation for y* brings severe error into 
Xffi/Xf. The approximation for y* must be avoided in this case. 

Experimental data obtained with Column B for methanol- 
water mixture is shown in Fig^ure 4 with the theoretical frequency 
response curve calculated by eqn (50). The theoretical curve 
shows a similar trend with the experimental data. 


Transfer Function for Feed Composition Change 

With the similar assumptions to those for reflux flow change, 
the following equation is obtained from material balance when 
feed is supplied to the with tray. 



* Eqn (47): 


1 -y9o 0;..-.-0 

i 

0 \ i 

I N S 'v S 1 

I C^m-1 1 [ 
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Coefficients in eqn (51) are the same as in eqn (5) except y", 


4- (^A-i)* 


^ l + T^s 


Hi 


Ll+V'^K, 






Lt^V^K„ 


(52) 




*N-1 


0 Xm+1 


^ <N-2 

Fnm 

«{> ^N-1 

Fn 

(b) 


5. i5/^/ia/ flow diagram due to eqn (51) and its reduction 


~Fna«+i~ 1 + 1 +•••+ 1 + 1 


where 

l + TfcS 

(— means averaging for A:=2^ w) 
Uo^otiPo 


The signal flow diagram drawn by eqn (51) is shown in Fig^ 
ure 5(d). When this is reduced to the simpler form as shown in 
Figure 5(b\ the transmittance for enriching section in the reduced 
diagram is expressed by the following equation. 


9 

Fi 

9 ^2 


<> Xm-1 

Fm-1 

%) 

Ffn+1 


and 


1 - 

cosht^is— 


(56) 

(57) 

(58) 


Consider the following continued fraction, 

X <. “Wi “*^1 — tip _ Pi,+ 2 

If 

Let the (n + l)th convergent of eqn (59) be />'nn/9^n+i> 


—-i+— 


By the theorem on continued fraction, 

Pn+2 .. -»0 -«1 

1 + 1 + “* + 1 1+PJ‘lll 

jKn+1 _ _ _^ 


(60) 


and 


— « 


^-4 1 + 1 +•••+ 1 




= 1 + 


-«0 


l + Pn-l/?/!-! 


(61) 


(62) 


n-l 


(53) 


By eqns (55), (59), (60), (61) and (62), 

I? (l-«o)sinh»ni-UoSinh(H-2)nt (63) 

" (1— Uq) sinh (n+1) Di—Uo sinh (n—1) p j. 

The transmittance for stripping section is obtained in the same 
way as follows, 

(1 - Mg) sinh (N-n)v 2 —u, sinh (iV - n—2) Og 
~ (1 - Mg) sinh (JV - n+1) P 2 - «s sinh {N-n-tjvz 

(n^m) (64) 

where 


With the same approximation as eqn (13), except «i^o, eqn (53) 
is rewritten as 

4. ~Ul —Wj “t*! ^0 

V+ - +-r+— 


1 + T,s 

(—^ means averaging for k^nt'^ iV— 1) 
»s = «nPn-1 


and 


Let the nth convergent of eqn (54) be pjq„. Then, 
Pn_ * sinhnp, 
q„ ^sinh(n+l)Pi 


COSh02SyH2* 


(65) 


( 66 ) 


(67) 


(55) 


The transmittance Z in the reduced diagram is obtained by 
eqns (63) and (64) as follows. 




_ ' _ I _ 

;; ^ n -M^'lsinhTm-Pp. -Mnsinh(m-3)p, ' 4 (l-Mg)sinh(N-m-l)P2-«.sinh(jy-m-3)P2 

(l-uo)sinhmoi-MoSinh('«-2)»i ^ (l-Mg)sinh(iV-m)P2-w.sinh(iV-m-2)P2 


( 68 ) 
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Therefore the transfer function xjxf is obtained by the use of 
eqns (63), (64) and (68) as follows: 
for enriching section (« < m) 


^"^2- 2)1?! 
Xf (1— Uq) sinh mvi — Uq sinh (m — 2) 

and for stripping section (« ^ m) 


(69) 


^»_ 2 - 0'“^s)^i^^(N—n)v2—UsSmh(N‘-n—2)v2 
(1 - ^s) sinh (N -m)v 2 — Us sinh (iV — m - 2) i ?2 

If further simplification is made as 


and 


Uq^Ui=U2 = Us^U 
V^ = V2 = V 


then the transfer function is simplified as follows: 
for enriching section (n < m) 


l^f siDh(jy—m+l)t; 
LoTL/ sinhi?'sinh(iV+2)t; 


*sinh(n + l)n 


(70) 

(71) 

(72) 


(73) 


and for stripping section (jt ^ m) 


Xf 


sinh(m+l)t; 

Lo^fZ^ sinht?-sinh(iV+2)t; 


*sinh(iV'-n + l) 


n(74) 


Conclusions 

Dynamic characteristics of the binary distillation column 
are described by the transfer functions, eqns (32), (46), (50), (69), 
(70), (73) and (74), for the changes of such variables as reflux 
flow, vapour flow, feed flow, and feed composition, respectively. 
Parameters of these transfer functions can be decided from 
design data. The frequency responses can be calculated from the 
transfer functions, independent of the number of trays. 

The lag of liquid flow causes* the large phase lag in high 
frequency range, that means the existence of dead time in effect. 
Therefore this liquid flow lag must be decreased in order to in¬ 
crease the controllability of the column. The decrease of this 
lag is equivalent to the increase of down-pipe periphery. 

Tt was often said that in case of reflux manipulation the 
temperature detector should be installed at the tray where 


the concentration gradient is maximum. This insistence is based 
only upon static properties. But the dynamics must be taken 
into account. Equivalent dead time increases as the position of 
the detector goes lower. Therefore, the detector should be in¬ 
stalled as high as possible, and the compromise is made between 
the detecting sensitivity and the equivalent dead time. 


Nomenclature 

Ln Liquid flow rate flowing down from the n th tray to the n+1 th tray 
(mol./min) 

JLjv Liquid flow rate to be taken out of bottom (mol./min) 
jLq Reflux flow rate (mol./min) 

V Vapour flow rate (mol./min) 

Hn Liquid hold-up of the /ith tray (moL) 
jffo Liquid hold-up of the condenser (mol.) 

Liquid hold-up of the reflux pipe (moL) 

Xn Composition of more volatile component in the liquid on the 
«th tray (mol. fraction) 

Yn Composition of more volatile component in the vapour from the 
«th tray (mol. fraction) 

Superscript ° means the steady-state values of each 
variable 

/n, Xn ,... Sniall letter means the small variation of each variable 

from the steady state, and its Laplace transform 
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DISCUSSION 


J. £. Runsdorp, KoninklijkelShell Laboratorium, Amsterdam^ The 

Netherlands 

(1) In Figure 2 the authors have demonstrated that assuming constant 
stripping factors (see their formula 13) need not give imrealistic an¬ 
swers. This can be expected for columns with many trays, as the in¬ 
fluence of distant trays is only felt for very low frequencies, which are 
unimportant for control. However, for their short column (6 trays), 
where the behaviour of neighbouring trays is much different, this is a 
remarkable result. 

(2) Below eqn (46), the authors state that C 2 « is generally small 
compared to unity. Then from their eqn (43): 


y 0 _ y 0 

l-Lr — _ J[2L_i2±lerf 1 


( 1 ) 


using the static partial mass balance of tray n 
we find; 

l + (^) 

Here is generally not much different from one. 

In our experience (see e.g. Rijnsdorp, Birmingham Un, Chem, Eng, 
Suppl, 1961, p. 14), the value of «/t can be anywhere between —2 
and + 3. Consequently eqns (1) and (2) are generally not valid. In 
other words, C 2 n is generally not small compared to unity. 

In fact, Figure 3 gives the impression that the actual value of «/t 
is smaller than the value used in the calculations. Did the authors find 
better agreement for a different value for xjrl 
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K. IzAWA and T. Morinaga, in reply 


The authors are very grateful for Dr. Rijnsdorp’s comments. The first 
comment, about smoothing or averaging the tray dynamics to simplify 
the approximation, is highly appreciated. Such approximation may be 
more effective in the case where the x — y equilibrium curve is near 
to a straight line, rather than the case here discussed. 

On the second point, the static partial mass balance on the «th 
tray is found as the following equation, rather than the one Dr. Rijns- 
dorp mentions: 

. - Y„\ i) (1) 

Thus we obtain, instead of Dr. Rijnsdorp’s eqn (3) 


JL yO -1 yO 

TVO II — 1 tVO ft 

i ^ ^ ^ V 

l+C2n = - ^^ 


This equation would not show that 



must be close to unity for the discusser’s eqn (1), or 

1 + c 2rt ^ 1 (^) 


As an example, if the following relation 

T constant 


(4) 


holds, then the relation (3) certainly follows, or c^n in eqn (43) can 
be neglected. 

Some of the possible causes which may explain Figure 3 as well as 
others are mentioned in the paper. The value of x used here may cer¬ 
tainly differ from what it should be, as the discusser points out. How¬ 
ever, the authors had to run the very simple model tray experiments 
using water for liquid and air for vapour in order to obtain the relation 
(39). And the value of «thus experimentally obtained is used as a rough 
estimate, because there were no other available values for 
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Summary 

Present methods of computation of the transient response of very 
large distillation columns involve the solution of extremely large 
families of non-linear ordinary differential equations. Accordingly, 
there is a great need for a set of valid approximate models for the 
response of such columns to a variety of possible upsets, otherwise 
computer simulation will be completely impractical as a means of 
developing new and better column control schemes. These must be 
developed either from the results of exact digital computations or 
from actual experimental data from plant size columns. 

This paper presents the findings of an extensive digital computer 
study of the dynamic response to a variety of upsets of a distillation 
column producing a veiy high purity product. The example column 
used is part of a BTX (benzene, toluene, xylene) separation unit. 

The results of the detailed digital computer calculations are inter¬ 
preted in the form of relatively low order performance function type 
expressions which approximate the actual response obtained as closely 
as possible. 

The column studied exhibits quite different transient responses in 
its rectifying and stripping sections. In addition, there is a decided 
dependence of this transient behaviour upon the type, magnitude and 
direction of a particular upset. Rules are formulated for extending the 
results obtained to still other upsets in the same column and in other 
similar columns. 

Sommaire 

Les m6thodes actuelles de calcul de la rdponse transitoire d’une grande 
colonne de distallation, impliquent la resolution d*un syst^me k nombre 
eieve d’equations differentielles non-lindaires. Cest pourquoi il s’av^re 
trds n6cessaire de disposer d’une s^rie de modules caractdrlsant la 
reponse d’une telle colonne pour tous les cas possibles de son fonc- 
tionnement sinon la simulation au moyen de calculateurs serait inade¬ 
quate en vue d’ameiiorer la commande automatique de ces colonnes. 
Ces modeies peuvent Stre developpes, soit k partir du resultat de 
calculs numeriques exacts, soit k partir de donnees experimentales 
deduites de colqnnes en fonctionnement. 

Le rapport presente le r6sultat d’une etude approfondie au moyen 
de calculateurs numeriques concemant la reponse dynamique des diffe- 
rentes possibilites de fonctionnement d’une colonne de distillation 
fournissant un produit d’une tres grande purete. La colonne prise 
commeexemplefait partie d’une unite de separation BTX (benzole, 
toluene, et xylene). 

Le resultat des calculs numeriques est interprete sous la forme 
d’expressions fonctionnelles d’un ordre relativement bas qui se rap- 
prochent, autant quil est possible de la reponse reelle. 

Zusammenfassiing 

Die gegenwSrtigen Verfahren zur Berechnung des Obergangsverhaltens 
sehr gxoBer Destillationskolonnen erfordern die Ldsung eines um- 
fangreichen Systems yon gewdhnlichen nichtlinearen Differential- 
gleichungen. Es besteht daher ein grofier Bedaif flir eine Anzahl gUlti- 
ger Naherungsmodelle, die das tJhergangsverhalten solcher Kolonnen 
bei den verschiedensten mdgjichen Betriebsstdrungen beschreiben. 
Ohne diese N^erungsmodelle ist die Nachbildung durch Rechner als 
Mittel fiir die Entwicldung neuerer und besserer Kolonnenregelungen 
vdllig unbrauchbar. Solche Modelle miissen entweder von den Ergeb- 


nissen exakter Berechnungen am Digitalrechner Oder von den wirk- 
lichen Versuchsdaten der Originalkolonnen ausgehen. 

Die Arbeit enthalt die Ergebnisse einer umfangreichen Unter- 
suchung am Digitalrechner iiber das dynamische Stdrverhalten einer 
Destillationskolonne fiir Produkte sehr hohen Reinheitsgrades. Die un- 
tersuchte Kolonne ist ein Teil einer Benzol-Toluol-Xylol-Trennanlage. 

Die Ergebnisse der einzeben Berechnungen am Digitalrechner 
werden in Form von Obertragungsfunktionen verhSltnismaBig nied- 
riger Ordnung gedeutet, die den tatsdchlichen Ergebnissen mdglichst 
nahekommen. 

Die untersuchte Kolonne zeigt ein deutlich verschiedenes Zeit- 
verhalten beim Rektihzieren und beim Abstreifen. Zusatzlich hangt 
das Dbergangsverhalten merklich von der Art, der GrdBe und der 
Richtung einer gegebenen Stbrung ab. Es werden Regeln angegeben, 
nach denen man die hier gewonnenen Ergebnisse auch auf andere 
Stdrungsarten an der gleichen oder an ahnlichen Kolonnen anwenden 
kann. 


Introduction 

While considerable information has appeared m the recent 
literature concemmg the dynamic behaviour of distillation 
columns^* much of this work has been confined to the 

study of relatively small columns. This has been mainly due do 
the extremely large amoxmt of computation necessary to develop 
such data on digital computing machines^’ along with the 
equally diflScult task of determinmg valid experimental data on 
very large columns m suflBcient quantity to be valuable^* ' 

This paper reports the results obtained from an extensive 
digital computer study (over forty separate cases) of the dynamics 
of the benzene stripping column in a BTX (benzene, toluene, 
xylene) separation unit. Figure I presents a sketch of this 
colunm while Tables 1 and 2 show some of the physical para¬ 
meters, flow rates, and other pertinent data applicable to this 
column. 

This project is part of a larger investigation of column 
dynamics ^d control. The overall project will include tests of 
the concepts presented herein on actual columns in field, 
installations. 

Operation of this particular column is extremely critical 
because of the very high purity requirements placed on the 
benzene product taken overhead from the column, along with 
the equally severe requirements for the purity of the subsequent 
products of the complete xmit i.e. toluene and xylene. Thus, not 
only must the benzene itself be exceptionally pure in the column 
overhead, but in addition, the column must send as much as 
possible of this benzene to the overhead product to prevent its 
contaminating the heavier constituents if allowed to leave 
with the bottoms product stream. 

Because the feed stream to this separations unit was ‘wet’, 
a pasteurizing section was added to the top of the colunm to 
strip this ‘lij^t ends’ material (mostly water) from the overhead 
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product. This pasteurizing section had some interesting 
influences on the column transient behaviour as reported later. 

As is true of all columns making a very close separation of 
the various constituents of the feed stream, this column was 
extremely sensitive to all flow rates and stream compositions 
imposed. Also, since it operated with a large number of trays 
for a system with such a large relative volatility as benzene and 
toluene, any operation regime other than that which allows the 
maximum separation potential of the column for the particular 
feed used meant the imposition of a ‘pinch’ condition in the 
column. Therefore, an upset, however small, driving the column 


Condenser 



away from the optimum operating conditions gave the response 
of a ‘pinch generating transient’. On the other hand, another 
change imposed while away from optimum operating conditions, 
so as to more closely approach the true operating condition, 
resulted in a response which could be called a ‘pinch relieving 
transient’. 

Since these responses are decidedly different in form and 
time response, a large column such as studied here gives an 
extreme hysteresis effect in its overall response to all types 
of transients. 

Simulation Methods 

Computation methods used were essentially the same as 
those previously described by Rosenbrock^^ as applied to 
multicomponent mixtures and with the addition of provisions 
for a complete heat balance on each tray and of a non-equal 
mplal overflow. The same assumptions apply except as just noted. 

As part of our investigation, the effect of the computation 
time interval used on the accuracy of the digital computation 
of the column transient response was also extensively studied. 
Figure 2 graphically illustrates the importance of using a com¬ 
putation interval of a certain minimum sire even though the 
required computer time is made correspondingly long. 

Table 3 further illustrates this finding by presenting the 
changes in the parameter values for the corresponding second 


Table 1. Physical Data and Operating Specifications 
on Column Simulated 


Diameter 

8 ft. 6 in. 

Trays: 


Number 

50 plus reboiler 

Efficiency 

78% 

Feed location 

Plate 23, actual 


1 $, theoretical 

Sidestream location 

Plate 46, actual 


36, theoretical 

Pasteurizing section 

Plates 47-50 incl., actual 


37-39 inch, theoretical 

Condenser 

Air-cooled, total 

Calculated hold-ups: 


Condenser, accumulator 


and reflux piping 

240 mol. 

Trays: 


Above feed 

139 mol. 

Below feed 

174 mol. 

Sump, reboiler and piping 

470 mol. 

Total 

1,023 mol. 

Feed: 


Rate 

22‘26 mol./min 

Composition 

^50 mol. % benzene 


^50 mol. % heavy ends 


(toluene, xylene and cumene) 


small amounts of light 


ends—water, etc. 

Overhead or distillate 


Rate 

0-2233 mol./min 


(light ends plus some benzene) 

Sidestream: 


Rate 

11*204 mol./min 

Required composition 

> 99*94 mol. % benzene 

Bottoms 


Rate 

10*833 mol./min 

Required composition 

< 00*05 mol. % benzene 

Reflux ratio, LjP 

2*341 

Table 2. Calculated Physical Time Constants of Simulated Column 

Column trays 


Weir flow time constant 


27' Ift* 

. Weir flow area 

ryi -AlK- 7ooft.«/inin 

= 0.039 mm « = 7 ^-—- 

Weir coefficient 

Liquid mixing time constant 



0125 min- 

94-4ft.«/imn 

Liquid flow rate 

Reboiler, etc. 


Heat transfer time constant 


Wt C^ 6,290 lb. metal X 0.124 B.Th. U. / lb. ®F 

UA ■ 2*78 B.Th.U./‘‘F min, ft.* X 2,090ft.> 

.... . Heat capacity 

= 0.134 mm 

Liquid mixing time constant 



967 ft* - 0 , . 

Tmb ” VjF^ ^ 

6 ft.®/mm 

Accumulator, etc. 


Liquid mixing time constant 



365 ft* , . 


3ft.*/mm 
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order plus dead time performance fimctions of the computed 
transient response as the computation time interval used is 
decreased. 



F^ure 2. Effect of size of computation interval on accuracy of 
computed distillation transient 


Tables. Effect of Computation Time Intervd per Iteration on Dead 
Times and Time Constants of Approximate Response Models 


Computation time 
interval per iteration 
(min) 

Equivalent 
dead time 

Txyp 

Mcqor time 
constant 

Minor time 
constant 

Tg 

ST 

3*0 

43-2 

42*8 

21-9 

107-9 

1*5 

344 

444 

16-9 

95-7 

1-0 

314 

45-8 

144 

91-6 

0-60 

29-0 

45-8 

13-0 

87*8 

0*30 

‘ 27-1 

I 45-7 

11-9 

84-7 

O'lO 

25-8 

45-8 

10-9 

82-5 

0-05 

254 

45-9 

10-6 

81*9 

0-02 

25-2* 

45*8 

10-5 

81*5 


25-0 

45-8 

.104 

81*2 


♦ Probable final value with decreasing interval size., 


Derivation of Transient Response Models 

Because of the very high complexity of the 
models neces^ for the ‘exact’ computation of distillation 
column tr^ients, the use of approximation models of these 
systems has been proposed by several earlier authors^' *• ^ ®. 

Accordingly, this paper investigates the possibility of deriving 
such models from the digital computer developed transients of 
a large distillation column, giving a very close separation. 

The methods used were those presented by Oldenbourg and 
Sartorius^^ and modified by Smith". These procedures develop 
the appropriate first- and second-order approximations, with 
and Avithout dead time, to represent the data given, i.e. 


where PF is the performance function, O the output response 
I the input fimction, Tdt respresents equivalent dead time, 
Tj are mqjor time constants, is minor time constant, K the 
proportionality constant or scale factor, and p the difierential 
operator. 

For those cases where a first or second-order expression 
could not be fitted, an analogue computer trial-and-mor 
procedure was used to develop a higher-order expression. 
Figures 3 and 4 show the method of derivation of these expres¬ 
sions. mcluding all pertinent equations. AU curve fittine was 
done by eye. 


Results of Model Development 

Tables 4 and 5 present the results obtained when the calcu¬ 
lations described above were made on some of the digital com¬ 
puter derived column transients of the study. 



Figure 3. Method of estimating second-order time constants 11,19 


jcaponse ai innection point reDresents the time 
initial and final values of trMisient, is tbe 
eSve. ^ ^ inflection point and the tangent intersection with final value of 

2. AT is determined from the equation: (l+Jf) (X) ^ T^fT 

3. “Mnd order toe consttnts, ti and n. are calculated lronrthe“equatioiu: 

*1 / "2 — ^ Ti "r T2 *c* 

to? at intersection of totangeni with the horizontal 

tot Point b, 2-718 a, is located on the graph at the identical toe value. 

5. A line parallel to the tangent through point b locates the equivalent dead toe, Tot- 



Figure 4. Method of fitting analogue computer simulation 
of high-order responses of distillation column 



(TiF+1)(t2F+1) 


or 


Kq-pTot 

(^iP+1) 


1. The dead time, is determined as described in Figure J. 

2. Increasingly higher-order transfer fimctions are then simulated on the analogue 
comimter until the upper portion of the response curve is fitted as closely as 
possible. 
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Table 4, Magnitude and Order of Column Output Responses to Various Step Change Upsets in Column Operating Variables 



Upset considered 

Sidestream response 

Distillate response 

Bottoms response 

Case 

Mol, fraction 
magnitude 

Order 

Mol, fraction 
magnitude 

Order 

Mol, fraction 
magnitude 

Order 

000 

Reboiler duty set at 50% of base case 

-0*141071 




+0*194223 

2+DT 

98 

Reboiler duty set at 75 % of base case 

-0*006268 




+0*006487 

2+DT 

43 A 

Feed composition increased by 10% benzene 

-I-0-000120 

2 +i)r 



+0*205360 

2+DT 

45 A 

Feed composition decreased by 10% benzene 

-0*198445 

4+DT 



-0-000073 

2+DT 


Sidestream rate set at 75 % of base rate 

-1-0-000136 

1 



+0*205400 

2+J!>r 


Sidestream rate set at 125% of base rate 

-0*199800 

4+i)r 



-0*000083 

2+DT 


Sidestream rate set at 87*5 % of base rate 

+0*000125 

1 



+0*114360 

2+2)r 


Sidestream rate set at 112*5 % of base rate 

-0*110960 

4+DT 



-0*000075 

2+J9r 

83 A 

No sidestream 

Distillate rate set at 125% of base case 



-0*199970 

2 +Dr 

-0*000088 

2+DT 

85A 

No sidestream 

Distillate set at 75% af base case 



+0*000071 

2 +i)r 

+0*208600 

2+z>r 

59 A 

Return to equilibrium 

Return from 75 % of base sidestream rate 

-0*000136 

1 or 2 



-0*205400 

lor2 

60A 

Return to equilibrium 

Return from 125% of base sidestream rate 

+0*199800 

1 



+0*000083 

1 or 2 


The reader should compare the response of the overhead 
composition for those cases where the pasteurizing section was 
present in the column with those where it was absent (Cases 83 A 
and 85 A). In each case where a higher-order response occurs the 
overhead composition is the one most affected by the upset and 
the pasteurizing section is present. The effect of the pasteurizing 
section is to isolate the accumulator with its large hold-up from 
the rest of the column. Thus only the trays are involved in the 
immediate transient and the result is a higher order response than 
if the accumulator were effective as in Cases 83 A and 85 A. 

Table 4 compares the type and order of the performance 
function developed for each of several column tests on the 
computer with the response magnitude and type of upset 
imposed in the test. Table 5 gives the actual value of the dead 
times and time constants determined by the methods above. 
These same methods were used to derive the results of Table 3, 
Table 6 summarizes the information of the previous tables into 
a set of potential rules for the derivation of column transient 
response models. Figures 5-9 illustrate the applicability of these 
observations with reproductions of selected results from the 
computer study. Figures 5 and 6 also show the degree of 
correspondence between the ‘exact’ digital computer results and 
the analogue computer approximation used. 

The Concept of Change of Inventory 

In order to lend a unifying factor to data so far obtained, 
an overall concept of column response is necessary. Such a 
concept is that of the ‘change of inventory’ time in the column. 
If one defines this function as follows: 


rj, _ (invV-Cinv), _ 

where (inv) is the inventory of component in question in column 
at time considered, / refers to final steady-state condition of 
column, I is the initial steady-state condition of column, and 
V refers to conditions at time just after step change upset. 

Table 7 (a) compares the number so obtained with another 
number which comprises the sums of the dead times and time 
constant reported in Table 5. It will be seen that for both lower 
and higher order approximation models, this concept gives an 
answer which is quite close to that obtained from the computed 
response curves themselves. 



Figures, Transient response of column with step change of 
sidestream flow to 125 per cent of correct value 
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Figure 6. Transient response of column with step change of 
sidestream flow to 112*5 per cent of correct value 


VOO f" 



48 

Time^min 


Figure 7. Transient response of column with step change of 
sidestream flow from 125 to 100 per cent of correct value 



PkureP. Benzene product withdram as distillate, with sidestream 
shut-off and feed reheated. Transient response of column with step change 
in distillate flow to 125 per cent of correct value 


These numbers are probably completely satisfactory for the 
transient response pattern and control response analy sis uses 
to which they are usually put. 

The TJnv value is, of course, a pseudo first-order time 
constant considering the whole column hold-up as a first-order 
mixing stage. That it works for higher-order systems is due to 
the fact that the 60 per cent response points of these systems 
(important in the approximate model developing formulas used 
here) is almost coincidental with the 63-2 per cent (one time 
constant) point for the first-order system. 

Table 7 Qf) extends the overall rules for approximation model 
order developed in Table 6 to predict the best ratios of major 
and minor time constants and of dead times and their relation 
to change of inventory time for each upset condition studied. 
The rules of Tables 6 and 7 {b) should be applicable to any 
column operating under conditions similar to those covered in 
this study. 'Diey should also be applicable to other types of 
upsets provided the decided hysteresis effect of the column 
response is taken into account for input functions requiring 
a two-sided response. 

As mentioned earlier, the hysteresis effect on column response 
noted here is due to the immediate ‘pinch relieving* action of the 
column whenever more favourable col umn operating para¬ 
meters are imposed. Since a pinch is normally confined to one 
or the other end of the colunui and since by far the greatest 
change in column composition occurs there in the early part of 
the transient, it would seem that only the pinched end of the 
column should be considered in computing ‘change of inventory* 
time and the resulting column time constant. This has been done 
in Tables 7 (a) and 7 Qi) with excellent results. It should be noted 
in passing that while the initial transient for the pinch reUeving 
<^e is fast, the overall equilibration time or total response time 
is at least as long as that for the pinch generating transient. 

An additional factor to be considered is a comparison of 
the numerical time constants of Table 5 (a) and (6) and the 
rules for time-constant ratios and dead times of Table 7{h). 
In some cases, particularly 79 A and 83 A, equal values for major 
and minor constants in a second order plus dead time system 
were obtained. 

For these two cases the method of Oldenbourg and Sartorius 
was at the point of breaking down since they were barely 
second-or<^er systems. Under such conditions only an equal time 
constant system can be obtained. However, every indication is 
that the true response of the column is similar to that of the 
companion cases and the rules of Table 7 (b) should be applied 
here also. The resulting effect on column transient response 
is very small. , 

For cases where more than one upset is applied to the column 
at any one time, the change of inventory time can be computed 
for the combined transient in the same manner as for a single 
transient. If it is further assumed that the higher-order response 
will predominate, the form of the resulting multiple transient 
can also be established. The above rule has not been confirmed 
by actual application to simulation data. 

Physical Meaning of the Approximate Models 

‘ Since the distillation column is a true higher-order system, 
there is little reason to suspect a physical meaning for the values 
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Table 5. Parameter Values of Approximate Models of Transient Response of Distillation Columns 




Ti 

Tg 

Tj)T 

Most 

Case 

Upset considered 

Major time 

Minor time 

Equivalent 

affected 



constant 

constant 

dead time 


(a) Values for bottoms stream only 





000 

Reboiler duty set at 50% of base case 

37*9 

13*2 

14-2 

— 

98 

Reboiler duty set at 75 % of base case 

Indeterminate | 

— 

43A 

Feed composition increased by 10% benzene 

45*8 

10*9 

25-8 


45A 

Feed composition decreased by 10% benzene 

12*6 

3*1 

3-4 


47A 

Sidestream rate set at 75 % of base rate 

35*4 

8*6 

18-5 


49A 

Sidestream rate set at 125 % of base rate 

7-9 

5*4 

0 


79A 

Sidestream rate set at 87*5 % of base rate 

28*2 

28*1 

31*2 


81A 

Sidestream rate set at 112*5% of base rate 

13-4 

4*0 

0 


83 A 

No sidestream 

Distillate rate set at 125 % of base case 

7-9 

4*8 

0 


8SA 

No sidestream 

j Distillate rate set at 75 % of base case 

36-1 

8*0 

23-1 


59 A 

Return to equilibrium 

Return from 75 % of base sidestream rate 

47-8 

5*1 

0 


60A 

Return to equilibrium 

Return from 125% of base sidestream rate 

60*6 

1*1 

0*9 



(b) Values for overhead streams only 





000 

Reboiler duty set at 50% of base case 

(« = 5, 

II 

11*3 

— 

98 

Reboiler duty set at 75 % of base case 

29*5 

12*9 

1-2 

—, 

43A 

Feed composition increased by 10% benzene 

6*1 

6*0 

4*8 


45A 

Feed composition decreased by 10% benzene 

(h = 4. 

T « 4*40) 

28*7 


47A 

Sidestream rate set at 75 % of base rate 

7*7 

— 

— 


49A 

Sidestream rate set at 125 % of base rate 

(« = 4, 

T = 2 - 68 ) 

20*1 


79A 

Sidestream rate set at 87*5 % of base rate 

12-5 

— 

— 


81A 

Sidestream rate set at 112*5 % of base rate 

in —A, 

vb 

(1 

32-2 


83A 

No sidestream 

Distillate rate set at 125 % of base case 

11-5 

11*5 

24*7 


85A 

No sidestream 

Distillate rate set at 75% of base case 

9-7 

9*6 

0 


59A 

Return to equilibrium 

Return from 75 % of base sidestream rate 

48-9 

3*0 

0 


60A 

Return to equilibrium 

Return from 125 % of base sidestream rate 

15*6 





of the parameters developed in the approximation models 
derived here. The change of inventory time does have a physical 
meaning a§ a pseudo first-order time constant for the complete 
hold-up of the column. It thus serves as a unifying concept 
between the real and approximate models for the column. 
Likewise, the modification of the change of inventory time for 
the half-column case to develop the response time for the pinch 


relieving transient condition in the column is also based upon 
a physical occurrence in the column and again serves to base the 
approximations on true operating reality for the column. The 
change of inventory time, being different for different siz^ 
upsets, adequately compensates for much of the non-linearity 
present in the response of a distillation column to differing 
magnitude upsets. 
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Table 6. Applicability of some Approximate Models of Distillation Column Response 

See also Table 7 (/>) 


I. Upsets causing departure from optimum steady-state operation of 
column 

A. Pasteurizing section present on column 

(l)All departure from optimum steady-state upsets except 
boil-up changes 

(а) Enriching section most affected by upset 

(z) Sidestream composition response was always of 
higher order, i.e. it required a performance function 
of the form 

pp _ ^exp(-prjr) 

(7/P - 1) 

where/I > 2, commonly n = 4 or 5 
(zi) Intermediate enriching section plate composition 
responses were also always of hi^er order 
(zW) Eottoms product composition responses could be 
represented by second order plus dead time models 

(б) Stripping section most affected by upset 

(z*) Bottoms composition response was readily repre¬ 
sented by a second order plus dead time model 
(zz) Intermediate stripping section plate composition 
responses were always of higher order as defined 
above 

(zzz*) Enriching section responses could be represented by 
pseudo first-order models—no dead time. 


(2) Boil-up changes—departure from optimum steady state 

{a) Sidestream composition 

(z*) Large upsets—^higher order plus dead time 
(z/) Small upsets—second order plus dead time 

(b) Intermediate plate compositions—higher order plus 
dead time 

(c) Bottoms composition—^second order plus dead time. 

B, No pasteurizing section on column—all upsets 

(1) Enriching section most affected by upset 

(a) Overhead composition response could be represented as 
a second order plus dead time system according to the 
criteria of Oldenbourg-Sartorius and Smith 

(b) Intermediate tray composition responses were always of 
higher order 

(c) Bottoms composition response, second order plus dead 
time 

(2) Stripping section most affected by upset 

(a) Responses same as reported above 


II. Upsets resulting in return to optimum steady-state operation of 
column 

Responses of all sections of the column could be readily approxi¬ 
mated by a first-order response with no dead time 


Table 7(fl). Comparison of Change of Inventory Time with the Sum of Performance Function Time Constants and Dead Times 


Case 


Upset considered 


000 


Reboiler duty set at 50% of base case 


98 


Reboiler duiy set at 75 % of base case 


43A 

45A 


Feed composition increased by 10% benzene 
Feed composition decreased by 10% benzene 


47A 

49A 

79A 

81A 


Sidestream rate set at 75 % of base rate 
Sidestream rate set at 125 % of base rate 
Sidestream rate set at 87-5 % of base rate 
Sidestream rate set at 112-5% of base rate 


83A 

85A 

59A 

60A 


No sidestream 

Distillate rate set at 125 % of base case 
No sidestream 

Distillate rate set at 75 % of base case 
Return to equilibrium 
Return from 75 % of base sidestream rate 
Return to equilibrium 


Return from 125 % of base sidestre am rate 


Order of performance 
function of column 
section most affected 

Change of inventory time 

Z'CTi + Tjj+rjjy) 

Computed 

per cent error 
m{r-11)12 

Bottoms 

Tops 

5 + DTlTops) 

Not ap] 

plicable 

65-3 

20-1 

2 -f- £>T {Bottoms') 





2-^DT 

1 Not applicable 

— 

43-6 

2 + DT 

78-1 

-5-3 

82-5 

16-9 

4 + DT 

44-4 

-4-1 

19-1 

46-3 

2 + DT 

63-7 

+1-9 

62-5 

7*7 

A + DT 

32-4 

+5-2 

13-3 

30*8 

2 + DT 

86*6 

-1-0 

87-5 

12-5 

4 + DT 

62-1 

+5*2 

17-4 

59-0 

2 + DT 

50-6 

+6-0 

12*7 

47-7 

2 + DT 

65-3 

-2-8 

67-2 

19-3 

2 

Corr 





80-1 50-0 

-5-8 ‘ 

52-9 

51-9 

1 

40*5 14-6 

—6*4 

62-6 

15-6 
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Table 7 (6). Ratio of Time Constants and Dead Times for Approximate Models of Distillation Column Response 

(See also Table 6) 


1. upset causing departure from optimum column separation 

(2) Higher order plus dead time model 

A. Boil-up change 

Tiji ^ 312 S Tn 

(1) Second order plus dead time models 

St Tj)f — Tinv 

Tj = 3 T 2 = 3 Tj^jt 

II. Upset causing return toward optimum column separation con- 

St -h Tpji = Tinv 

dition from pinch condition 

Of equivalent product take-off upset (i.e. 

Tj^t = 0 

same change in product composition). 

First-order model sufficient 

(2) Higher order plus dead time models 

(1) Bottoms most affected 

Tj)2> = 3 / 2 27 Tu 

+ Tdt 31nv as above. 

(2) Tops most affected 

B. Input flow or composition or output flow upset 


(1) Second order plus dead time model 

[Hr J 

= 4 T 2 = (4 / 3) T^jn 

where Hr is the reboiler hold-up, Hql the hold-up of lower colunm 

section less reboiler, Hj^ the accumulator hold-up, Hcu the hold-up 

27 T -h Tjijt = Tinv 

of upper colunm section less accumulator, and H^* the total hold-up. 


Condusions 

As a result of this work the following conclusions can be 
drawn regarding the responses of large distillation columns 
giving very high purity products. 

(1) The form of the approximate performance functions 
which will adequately duplicate the response of the real system 
can be categorized as in Table 6, 

(2) The magnitudes of the dead times, and time constants 
involved in the above models can be estimated according to the 
rules developed in Table 7 (a) and (b). 

(3) The concept of a change of inventory time provides the 
unifying factor which ties together column response data. 
Previously such data had appeared to be uncorrelatable by a 
single concept. 

Nomenclature 

A Area in square feet. As a subscript, it refers to accumulator 
AC Chemical composition analyser controller 
a As subscript refers to a specific time in computation of second- 
order time constant (see Figure 3) 

Cp Heat capacity per pound 

c As subscript, refers to a single specific time in computation of 
second-order time cons ant (see Figure 3) 

As subscript, refers to the column 
D Distillate product fiow rate 

As subscript, refers to dis.illate stream 
e Base of Nuperian logarithms 
DT or Tot Dead time 
F Feed flow rate 

Any flow rate in general 
As subs 'ript, refers to feed stream 
FC Flow controller 

/ As subscript, refers to final or steady-state value 
H Hold-up, subscript -enotes lojaticn 
1 Input function imposed as an upset 


inv Inventory of component in question in column at time indicated 
by subscript 

i As subscript, refers to initial or beginning condition 
K Weir flow coefficient in fL^/min 

Proportionality constant or scale factor 
L As subscript, refers to lower section of the colunm 
LLC Liquid level controller 
n Order of transfer or performance function 
As subscript, represents an arbitrary value 
0 Output response of a process 

P Sidestream product flow rate 

As subscript, refers to sidestream 
PF Performance function 
p D fferential operator 
T Time, usually minutes 

As subscript, refers to total 
TC Temperature controller 
Tinv ‘Change of inventory* time 
U Overall heat transfer coefficient 

As subscript, refers to the upper section of the column 

V Volume of a vessel in cubic feet 
W Bottoms product flow rate 

As subscript, refers to bottoms product stream 
Wi Weight of heat transfer surface 
X Ratio of time constants in a second-order system 
X Liquid composition, subscript refers to stream location 

V As subscript, refers to colunm conditions at time just after a 
step change 

2^ Total of dead time and process time constants of process model 
St Sum of the time constants of a second or higher order perform¬ 
ance function 

Ti M^iof time constant of a second-order system 
r2 Minor time constant of a second-order system 
TDT Equivalent process dead time as computed in this study 
Tjt Column tray weir flow time constant 
ThjB R^boiler heat transfer time constant 
Accumulator mfadng time constant 
^MR Reboiler mixing time constant 
Tjfj. Column tray mixing time constant 
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DISCUSSION 


J. Groenhof, Bataafsche Internationale Chemie Maatschappij, Den 

Haag, The Netherlands 

TOe authors present calculated responses of various column conditions, 
in particular of the compositions of product streams to some well- 
defined disturbances. They express these responses in terms of ‘dead 
time^ and a number of ‘time constants’. 

Soine time ago we carried out some experiments on an actual 
distillation column, amongst other things giving a disturbance in the 
reboiler heating—a similar case to that treated by the authors. The 
responses were similar to the results obtained by the authors, but we 
concluded that the shape of the response curve had to be attributed 
to non-linear behaviour instead of to time lags. 

Support for this opinion can be found in the paper, where it is 
shown that the ‘time constants’ are halved when the amplitude of the 
disturbance is doubled. 

We believe that the response of the column is basically a first-order 
response (apart from some transients during the first few minutes). 
The observed dead time is to be explained by the coeflScient being 
substantially zero. 

In fact the authors do find this first-order response when returning 
from the non-equilibrium state to the equilibrimn state. The value of 


the time constant found for this case is about equal to the sum of the 
time lags for the case of going from the equilibrium to the non-equilib¬ 
rium state. 

This total time lag is indeed characteristic of the process and the 
correlation with the change of inventory time is interesting. 

J. E. Rhnsdorr, KoninklijkelShell-Laboratorium, Amsterdam, The 
Netherlands 

(1) Have the authors assumed that hold-ups remain constant through¬ 
out the transients? 

(2) If the hold-ups are constant, the product flow rates would 
respond without delay. Then the expression for the ‘change of inven¬ 
tory time’ 7inv, given in the paper can be put in an exact form. This 
requires defining Tinv as the weighted sum of the average delays of 
the distillate and the bottom product compositions Tin and Txw 
respectively: 

ji _ Dy (Xp/^^Di) ~~ ^Wi) ’ /4\ 

where Df ^ Dv and Wf = Wv (steps). 
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(2a) 

(2b) 


Formula (1) can be derived from the overall partial mass balance 
of the column (see 5). 

(3) For most of the examples given in Table 4 of the paper, one of 
the weighting factors in formula (1) is very small. Hence 


Tiav^ Txd (3) 

If now the corresponding composition response is approximated by 
a series of lags, it is well known that the sum of these lags is equal to 
Txd or Txw respectively. Does not this explain the good fit shown in 
Table 7 (a) of the paper? I expect the fit to be almost ideal when for¬ 
mulae (1) and (2) are applied to the calculated responses. 

(4) For columns without sidestreams, and with pinches at the ends, 
the response to small step disturbances is slower than to large step 
disturbances. This conclusion can be drawn from a modified form of 
the expression for Tinv given in the paper: 

Substitute the initial and the final steady-state equations 


*" ^l^Di "b WiX^rl 

(4) 

Pf^Ff = ^f^Df + ^f^Wf 

(5) 

into the denominator: 

ii=JV + l 

Z fin(.X„f-X„,) 

rp n — 0 

(6) 


where n == 0 refers to the reboiler and the bottom, n — N 1 refers 
to the condenser and the accumulator, and N is the number of trays. 

If the variations of the compositions would be the same through¬ 
out the column, (6) is simplified to: 


B=JV + 1 n^N+l 

Z z 

rji ^ 11 = 0 ^ W —0 __ 

D„+W„ F„ 


(7) 


which is the average residence time of the feed material in the column. 

Actually, for small disturbances, the composition variations on 
intermediate trays are usually much larger than at the ends. Conse¬ 
quently many of the Hn io the numerator of (6) are multiplied by large 
factors, hence 


This explains the slow responses reported in the literature for linear 
behaviour. 

On the other hand, for large disturbances, the top and/or the 
bottom composition also has a large response (see e.g. Table 4 of the 
paper). Hence the denominator of (6) is small, and Tjnv i^oay approach 
2res» 

(5) When the hold-ups depend on the flow rates and vice versa, a 
more general expression for Tinv can be derived in the following way: 

The partial mass balance of the column after applica,tion of the 
step change has the form: 

W^(0^r(<)=Z^[7?«(0x„(0] (9) 


At the final equilibrium we have: 

Subtraction of (10) from (9) yields: 


(0] + Wf L^Wf “ (0] 

=z4[ff»(0x«(0]-[i)/-i5(0]xi,(0-[f»>-W'(0]x^(0 

I, ar 

When the responses of flows and hold-ups are fast compared to those 
of the compositions, xd (t) and xw it) in the last terms of (11) can be 
approximated by XDi and xwu 

Then integration of (11) between the initial and the final steady 
state yields: 

[p^Df ~ ^J)»] '^xD + ^ "" ^Wi] '^xW 


( 12 ) 

where Txd and Txw are given by (2a and 2b), 


rr _J i 

-tn- 


D(t)]d( 


Df—Di 


(13 a) 


TV— 


r 


[Wf-w(ty]dt 


(13 b) 


Td and Tw can be estimated from the relationship between hold-ups 
and flow rates. 

Formula (12) can easily be transformed into (1) and (6), with 
additional correction terms for the influence of Td and Tw and with 
the subscript v replaced by /. 


Reference # 

Gilliland and Mohr. Chem, Engng Progr, 58 (1962) 59 


B. Steplewski, Research Centre for Automatic Control in the Chemical 

Industry, Warsaw, Poland 

(1) In cases of sidestream upsets the magnitudes of distillate composi¬ 
tion responses were 1,500 times greater for increasing upset than for 
decreasing one. So the performance functions were approximated in 
quite different ranges of output variables. Two questions refer to this 
problem: 

id) Do the different shapes of transient functions (first order com¬ 
pared to fourth order with dead time) depend on the different ranges 
of output variables ? 

ib) Have you estimated the static characteristics aroimd the base 
rate, in the same ranges of output variables, both up and down? 
If yes, what are the results 

(2) What i? the phyrical explanation of the hysteresis effect (change 
of type of performance function), which takes place in cases 49 A 

and 60 A? , j * 

It seems that non-linearities in the column d^nbed are due to 
non-linearity of vapour-liquid equilibrium co^cients, but they show 
no hysteresis. Both cases deal with the same part of the static character¬ 
istics as in the cases 81A and 83 A. The change of perfonnance func¬ 
tion ^pe seems not to be caused by the same reason as m cases of 
sidestream rate upsets (47 A, 49 A, 79 A, 81 A). 
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J. S. Moczek, R. E. Otto and J. J. Williams, in reply 

We thank Mr. Groenhof for mentioning his experimental results which 
tend to confirm our calculated responses. We are pleased to learn that 
^ obse^ed the same effect of upset size upon time constant length. 
These effects are indeed the result of a non-linear behaviour. How¬ 
ever, we chose to express them as time lags in our approximation 
models. We cannot agree that the column response is basically first 
order. We did obtain such responses for some very special cases but 
these are far from characteristic of the responses of this column. Also 
their occurrence can be predicted from the rules we postulated in our 
paper. 

We would like to respond to each of Mr. Rijnsdorp’s questions 
and statements in turn. 

(1) The following assumptions were made in performing our dis¬ 
tillation column calculations: 

{a) Constant hold-up. 

ib) Perfectly efficient trays (in the actual computation). 

(c) Complete mixing on each tray. 

However, it should be pointed out that we did not make many of 
the simplifying assumptions which are commonly made in calculaUons 
such as these. Some which we did not make are: 

(a) Constant partial molal enthalpies and equilibrium constants 
With temperature. 

(b) Binary mixtures (actually five components were calculated) 

(c) Equal molal enthalpies. 

(2) Mr. Rijnsdorp has made a significant observation in his second 
comment. TOe importance of eqns (1), (2a). and (2b) of his discussion 
ties m the fact that the characteristic response time of a distillation 
column niay be calculated solely from a knowledge of the initial and 
final steady states of the column independently of any non-linear 
^dilations as arc required in the exact computation of the transient. 

It IS interesting to note that the rightrhand sides of eqns (2 a) and (2 b) 
are ako equal to the sum of the time constants of the approximation 
model If the approximation response, jc* (t), replaces the actual re¬ 
sponse, X (f), m the integrals. It is logical, therefore, to adjust the sum 
of the approximation model time constants in order to exactly satisfy 
cqn (1). We must conclude that the errors shown in Table 7a are due 
tmstern fitting the approximation model to the 

A reported, except the reboiler 

duty disturbances, the weighing factor of one of the responses, either 
the tops or bottoms composition, was negligibly small. Therefore, the 
good fit shown in Table 7« is achieved because the linear approxima- 
!!?.?<,«*described in the paper almost satisfied 
eqns (2a) and (2b). There is no theoretical reason why our method of 


Mle^ng time constants should have given an exact agreement since 
the 60 per cent point is itself an approximation. 

(4) For all the cases reported the residence time of feed in the 
TOluim IS 46 min. Notice that in case 49 A (T(d>k 7a) the inventory 
time is actually below the feed residence time. It should be noted Itol 
not only may Tinv approach Trea but that it may be even smaller. 

(5) We thank Mr. Rijnsdorp for his amplification of the Tinv ex- 

pSTwoTf'" ** hoW-up case as described in his 

work ^ opportunity to verify its validity in this 

Replying to Mr, Steplewski’s questions in turn: 

i„ 7**® re^on for the wide variations in the composition changes 
and mnus directions is that the maximum composton 

bSLn” the°W T composition range 

between the base case and a pure component stream. In the other 

direction no such limitation existed. As reported in the paper, equal 
increments of the input variables were chosen for the study of^the 
dynamic and static characteristics of the column. For these cases the 

Swl raZIZm 

(lb) On the other hand if one had chosen to study the column 

f ''a«aWes then the same 

problem of unequal changes in the input variables would have occur¬ 
red. For exmple, in order to study a movement of the output variables 
equivalent but in the opposite direction to case 47 A, Table 4 the 

ratrilfi? at 100-0136 per cent of the’base 

f'ik “ a variation of 1,800 in the range of 

w^^r i”P«t vanables. We have tried some of these cases 

the input variables were varied only a small amount but the 

considered impractical to carry 
out the complete transient in the computer. 

to refeJ"him*’?n question, we would like 

explanation of the hysteresis effect as 
wh by Mr. Groenhof in the verbal discussion of this paper, 
from the steady state change in compwifion 

S^lumn if h 1 T ®Conversely when 

h tif Plate-to-plate composition 

transient then as a movement of the composition profile up and down 
tte column, one would expect an initially slow change in composition 

On condition to an unbalanced one. 

other hand, when the transient proceeds in the opposite direc- 

initiallv 1^*-!? ^^^‘O'to^Ptste change in composition would cause an 
mSoflk. oomposition. Therefore, the approximation 

rt f ^ “8h order with dead time whereas 

the latter case would approximate a first-order response. 
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A Study on the Dynamic Behaviour of a Catalytic Cracker 
Power-recovery System by Means of an Analogue Computer 

C.A.J.M. vanderHEYDEN and A.G. van NES 


Summary 

The power which is available in the flue gas of the regenerator of a 
catalytic cracker in an oil refinery can be utilized by passing it through 
turbines which in their turn drive compressors for the delivery of 
combustion air to the regenerator. 

A specific system incorporating a CO boiler is described. It is 
shown that in this system a number of closed loops can be distin¬ 
guished to which three control loops have to be added. For this 
reason, the dynamic behaviour becomes complicated and can only be 
studied by means of computing equipment. 

An analogue simulation of the system was designed, incorporating 
such equipment as turbines, compressors, catalytic cracker regenerator, 
CO boiler, etc. 

The design of the simulation of each of these building blocks and 
the way in which they have been put together is described. It 
is shown that for some of the analogue models the design neces¬ 
sarily depends on the type of study to be carried out on the computer. 

The programme of work is presented and some of the results 
worked out in detail. 

Sommaire 

La puissance disponible dans le gaz de chauffe du r6g6n6rateur d*un 
cracker catalytique dans une raffinerie peut 6tre utilise pour actionner 
des turbines. Ces dernieres, k leur tour, entrednent des compresseurs 
pour fournir de Fair de combustion au r6g6n6rateur. 

Dans ce rapport, on d^crit un tel syst^me comprenant en plus une 
chaudi^re 4 CO. II existe dans un tel syst^me un grand nombre de 
boucles fermdes, en plus de trois chaines de commandes distinctes. Le 
comportement dynamique de I’ensemble devient tres complexe et il ne 
peut 6tre 6tudi4 qu’avec des calculateurs. 

On a effectue une simulation analogique des dldments: turbines, 
compresseurs, cracker catalytique, r6g6n6rateur, chaudi6re k CO, etc. 
On d6:rit la construction et Passemblage des dlff6rents modules. On 
montre que la construction de certains des modules analogiques 
d6pend n^cessairement du type d’^tude entreprise. 

On pr&ente le programme de travail et les details de certains r&ul- 
tats obtenus. 

Ziisammenfassung 

Die im Regeneratorabgas der katalytischen Krackanlage einer Erd- 
olraffinerie befindliche Energie laBt sich ausnutzen, indem man die 
Abgase durch Turbinen leitet, die Verdichter antreiben, welche die 
Verbrennimgsluft dem Regenerator zufuhren. 

Hier wird ein spezielles System beschrieben, das einen kohlenoxyd- 
befeuerten Kessel enth41t. Es zeigt sich, dal3 in diesem System eine 
Anzahl von KreislUufen unterscheidbar sind, die drei Regelkreise 
erfordern; das sich daraus ergebende komplizierte dynamische Ver- 
halten kann nur mit Hilfe von Rechenger4ten imtersucht werden. 

Die entworfene Simulierung am Analogrechner schlieflt die An- 
lagenbestandteile wie Turbinen, Verdichter, Regenerator, Krack¬ 
anlage, kohlenoxyd-befeuerte Kessel usw. mit ein. 

Die Simulation jedes dieser Anlagenbestandteile und die Art der 
Zusammenschaltung werden beschrieben. Es zeigt sich, dafi die 
Struktur einiger dieser Analogmodelle notwendigerweise von der Art 
der Untersuchung am Rechner abhSngt. 

Es werden die Arbeitsweise betrachtet und einige Ergebnisse aus-' 
fuhrlich ausgearbeitet. 


Introduction 

At Shell Development in the United States, a system was de¬ 
veloped to utilize the power available in the flue gas of the 
regenerator of a catalytic cracking unit*. This idea was tested 
on a small scale at the Montreal refinery. 

In designing a full-scale power-recovery system for a catalytic 
cracking unit it was felt necessary to study its dynamic behaviour 
in order to establish the effectiveness of the designed control 
and safety system. 

Because the problem was too large to handle in the ordinary 
way on paper, an electric model was composed on an analogue 
computer. 

Description of the Power-recovery System 

In the regenerator of a catalytic cracking unit the coke on 
the catalyst is burned to CO by means of air. The CO gas is 
routed to a CO boiler (Figure I) in which the CO is burned. 
The heat produced is utilized for steam production. The gases 
leaving the CO boiler drive turbines and escape into the air 
via an economizer, which preheats the boiler feed water. The 
turbines in their turn drive compressors which deliver air to the 
rejgenerator of the catalytic cracking unit and air for the com- 
bustipn of the CO in the CO boiler. 

The best control system resulting from a study of the steady 
state of the system consists of a pressure controller on the 
regenerator which acts on a control valve in the by-pass of the 
turbines; a flow controller in the air supply to the regenerator 
which acts on a control valve in the by-pass of the regenera¬ 
tor; a temperature controller for the gas at the inlet of the 
turbines which acts on a control valve in the fuel supply line 
to the burner in the bottom of the CO boOer, and a ratio flow 
controller between fuel and air supply to this bottom burner 
which acts on a damper in the air supply line of this burner. 

Factors Leading to a Simulation Study 

A dynamic study of the system described above was required 
to establish (a) the stability of the system, and (b) the behaviour 
of the system during emergency cases. A requirement of the 
system had to be that certain equipment failures which have to be 
reckoned with, must not result in a shut-down of the catalytic 
cracking unit. 

In the power-recovery system several closed loops are 
incorporated. The first loop can be distinguished from the 
regenerator air compressors via regenerator and CO boiler 
and closing at the turbines driving the regenerator air compres¬ 
sors. The second loop consists of the combustion air compres¬ 
sors via the CO boiler and closing at the turbines driving the 
combustion air compressors. Three additional closed loops are 

* Oil Gas /., 57. No. 17 (1959) 94-100 
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turbine compressor turbine compressor 
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Figure 1 


required for the control system. These closed loops make a study 
of the dynamic behaviour impracticable on paper. For that 
reason, a simulation study was proposed. 

The Scope of Work 

Before the electric model was designed, a preliminary study 
was made of the requirements for the model. 

Six groups of computer runs could be distinguished: 

(1) Stability runs at the design operating point. The reason 
for these runs was to determine whether the proposed control 
scheme was adequate and, if not, to test alternative control 
schemes on the electric model. 

(2) Stability runs at oflF-design operating points. The reason 
for these runs was to test the control system with various num¬ 
bers of turbine compressor units in operation. 

The operating limits for a certain number of turbine compres¬ 
sor units in operation are determined by the following require¬ 
ments: {a) the gas temperature at the inlet of the turbines must 
not exceed a certain value; (]b) the following emergencies must 
not cause the shut-down of the entire catal3d:ic cracking unit: 
(0 breakdown of one turbine compressor unit; (/z) failure of the 
fuel supply to the CO boiler. 

In view of the foregoing, the following runs had to be made: 

(3) Runs with maximum gas temperature at the inlet of 
the turbines for various numbers of turbine compressor units 
in operation. 

(4) Rups to ^tablish the amount of fuel which can be fed to 
the CO boiler without the danger of a complete shut-down if one 
of the turbine compressor units were to break down. 


(5) Runs to establish the amount of fuel which can be sup¬ 
plied from an independent source without the danger of a 
complete shut-down if the fuel supply from the primary source 
were to fail. 

^ In order to test the starting up and shutting down of the 
unit, the following run was made: 

(6) Run to test the starting up and shutting down procedure. 

Design of the Electrical Model 

In this section, the design of the electrical model is given. 
Although some simplifications had to be made in view of the 
size of the available analogue computer*, it is expected that this 
representation is a sufficiently true picture of the actual plant. 

A simplified flow scheme of the unit is given in Figure 2. 
From this scheme it can be seen that the system consists of a 
combination of various building blocks which, if put together in 
the correct way (see Figure 5), form the system of Figure 2. 

The following building blocks can be distinguished (para¬ 
meters which are not mentioned are assumed to be constant); 
R Resistance—^in which two pressures and, if necessary, a 
temperature determine the flow through the resistance 
V Volume—^in which two flows and, if necessary, a tempera¬ 
ture determine the pressure in the volume , 

Rq Resistance of the catalyst bed which behaves differently 
from a fixed resistance—here, also, two pressures deternodne 
the flow through the resistance 

* PACE analogue computer of Koninklijke/Shell Laboratory, 
Amsterdam, consisting of 160 operational amplifiers plus auxiliary 
equipment. 
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Regenerator 


Cyclone CO boiler 


VePepsTe 


CO boiler Regenerator 

turbine compressor turbine compressor 
unit unit 


Economizer 



Pit 


Cv Control valve, which is a variable resistance—again, two 
pressures, tlie position of the valve and, if necessary, a 
temperature determine the flow through the control valve 
D The dynamic relationship between the temperature of a gas 
in a volume and the temperature of the incoming gas 
M Mixing stage—in which incoming flows with their tempera¬ 
tures and, if necessary, their calorific value determine the 
resultant temperature of the outgoing flow 
B Boiler—in which the temperature and flow rate of the in¬ 
coming gas determines the temperature of the outgoing gas 
T Turbine—in which upstream and downstream pressure and 
temperature of the incoming gas and the number of revo¬ 
lutions per minute determine shaft horsepower and gas 
throughput 

C Compressor—^in which shaft horse-power and gas through¬ 
put determine downstream pressure and number of revolu¬ 
tions per minute 

XC Controller—^in which the difference between measured and 
desired value determines the output of the controller 
E Emergency valve—^in which at the command of an alarm 
signal a flow will gradually fall to zero or gradually rise to 
its maximum value 

RT Regenerator temperature—^in which the temperature of the 
regenerator gradually decreases after the circulation of the 
catalyst has been stopped 

Flow variations travel in a completely different fashion and 
at a completely different speed from temperature variations; 
therefore, it can be assumed that the latter follow an independent 
path, allhough they influence the flow variations and are 
themselves influenced by them at some points. 

In Figure 3 are shown the building blocks of the system for 
flow variations. Figure 4 shows the equivalent for temperature 
variations. 

All variables which appear in the equations have been made 


dimensionless by dividing them by their design value. This 
means that, at normal operation, all signals are equal to 1 which 
ensures that no Signals fall outside the range of the computer as 
long as one relates the value 1 to 5 V (voltage range of the com¬ 
puter 0-100 V). 

All the building blocks of the model cannot be described in 
detail b^ause it would lead to an enormous expansion of this 
paper. An exception will be made in the case of the circuit of the 
resistance, in order to illustrate the dependence of the circuits 
on the type of study to be made with the model, and in the case 
of the circuit of the turbine compressor unit. 


The Circuit Used for Resistances 

The equation of gas flow through a resistance can be written 
as follows: 


or, in its reduced form. 




JL=( 

^ 0 ^ PlioJ 

\Puo ^ LPuo"”.P<Jo Puo P^o PdoM 


( 1 ) 


The circuit which performs this calculation is shown in 
Figure d. 

The potentiometers should be adjusted as follows: 

PI =0-5 

Puo Pdo 

P37=—^^2—^ 

Puo~Pio 100 


251 







C. A. J. M. VAN DER HEYDEN AND A. G. VAN NES 


Regenerator Cyclone 


CO boiler 


CO boiler Regenerator Economizer 

turbine compressor turbine compressor 
unit unit 



Figure 3 


Regenerator Cyclone 


CO boiler 


CO boiler 

turbine compressor 
unit 


Regenerator 
turbine compressor 
unit 


Economizer 







A STUDY ON THE DYNAMIC BEHAVIOUR OF A CATALYTIC CRACKER POWER-RECOVERY SYSTEM BY MEANS OF AN ANALOGUE COMPUTER 



Figure 5 



Figure 6 


If it is only the stability of the model at the operating point 
which has to be studied, the circuit of the resistance can be 
simplified by linearization of the quadratic equation at the 
operating point, which gives the following result: 

p„o p, Pdo ^2) 

^0 PuO ^0 PuO^PdoPuO PdO'^PdO PdQj 

The circuit which performs this calculation is shown in 
Figure 7. 



-100V 

Figure 7 



T 



Figure 8 


If the start-up and shut-down procedures have to be studied, 
the circuit must allow for zero voltages. If the circuit of Figure 6 
is used, the output of high-gain amplifier 39 has to become zero, 
the result being no feedback and thus an unstable systeni. In 
order to use nearly the same circuit, but with a positive feedback, 
the circuit of Figure 8 was chosen. Use is made in this circuit of 
the equation: 
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in which « is a factor that can be chosen freely. In this case, 
a is chosen at 0*5. 

The potentiometers should be adjusted as follows: 

P0=0-5 

p-i _ Puq 1 


Puo-Vd, 100 

P3=0.0625 
P4=0*2500 
P5=0-5000 

The Circuit Used for the Turbines 

The mass flow through the turbine is calculated in the same 
manner as for a restriction, thus: 

— = / r P^o /y) 

^0 yj P«olP»o-Pdo Puo Puo-Pdo PaoJ T 

The shaft horse-power can be found as the product of 
efficiency, gas flow rate and difference in enthalpy of the in- and 
outgoing gas flow. The equation for the isentropic enthalpy 
difference can be written as follows; 


which in its reduced form is 


ah=c.t. 


Pu.P^ 
.Pup Pd. 

t-klk 


\Pdo. 


The efficiency as specified by the manufacturer is a function 
of the square root of the enthalpy difference divided by the 
.number of revolutions, thus: 


■'I N _ 


which in its reduced form is: 


ll=f 

vTo ^ 


AH\ i 

ahJ 

JL 

No . 


The shaft horse-power can be found from: 

which in its reduced form is: 

^_f!T F AH 
HPt vTo Fo AHo 

The circuit which performs these calculations is shown in 
Figure 9. 



Figure 9 
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The potentiometers should be adjusted as follows; 
Pl=0*5 


The required horse-power can be found from. 


HPc=- 


F-AH 


P36=‘- 


Q29=- 


which in its reduced form is: 


Puo-Pdo 2 
e 08=0-5 


The function 


1_ £»£ 


PujP± 

PuQ Pd04 
l-k/k 


LPuo PdoA 


is made on cup 6C. The function 2n^I No J 

U n1 The relation between flow through the compressor and 

\\AHqJ WoJ downstream pressure, with the number of revolutions as a 

is made on cup 5 C. parameter, is supplied by the manufacturer. Because the mok- 

Because the larger part of the calculation is common to cular wei^t of the air to be compressed can be assumed to be 

both turbines driving boiler compressors and turbines driving constant, the compressor can be described as follows: 

regenerator compressors, a separate circuit is only required for / 


HPc (8) 

HPo FoAHq nC 

The difference between the horse-power delivered by the 
turbine and the horse-power required by the compressor is used 
to accelerate or decelerate the machine in the following way. 

|(HPr-HPc) =y ^ =y ^ 

or, in its reduced form: 

1 (9) 


is made on cup 5 C. 


• 7 dH Vr 

\ahJ ^ iVoJ 


the part. 


1\ahJ ■'jVoJ 




and HPtIHPo 




or, in its reduced form: 


The Circuit Used for the Compressors 

The shaft horse-power required by the compressor can be 
calculated as the difference in enthalpy of the in- and outgoing 
gas flow multiplied by the gas flow and divided by the efficiency 
of the compressor. 

The difference in enthalpy can be written as: 


^ \Puo/ \PdoJ 


--'{rjw) 


AH=C'T 




The line volume after the compressor is incorporated in the 
circuit; the downstream pressure is calculated in this circuit as 
follows: 


Since the inlet temperature and pressure are assumed to be 
constant, this equation can be rewritten as: 


Po Po ^0 FdQ , \Po FqJ 




which in its reduced form is: 


The efficiency as specified by the manufacturer is a function 
of the compressor flow divided by the number of revolutions: 

riC^f(FIN) 


which in its reduced form, is: 


in which the temperature T is found as the sum of upstream 
temperature and temperature rise in the compressor. 

The temperature rise of the air flow through the compressor 
is found as follows: 

The downstream temperature is found from; 

or, in its reduced form: 

Tt l\pj \pj J 


r'fea 
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The ciFcuit which performs these calculations is shown in 
Figure 10. 

The potentiometers should be adjusted as follows: 


233=0-25 

(depending on the function made on cup SE, see below) 


P19 


HPo 1 


P37= 


HPo 


10 


P 35=0-5 


is changed to 



and made on cup SE. The function 



is made on cup 8 C. 


P31=^° 


2ATo 


Po^o ^0 + ^Tb 

Q 31 = z - Er _ ^^^0 

PoVoT^+ATo 


*ttO 


The function 


234=0-5 


is reversed to 


AH_ \pJ \pj ^ 


p._ /ah] 
-^[ahoJ 

and made on cup 3 C. The function 

nc., ^WnJ 


Results 

The results gained from the runs with the electric model can 
best be distinguished using as a guide the scope of work 
mentioned above, 

(1) and (2). The* stability of the system was good at all 
operating points. Interaction between control loops was small 
so that no special precautions were required. 

(3) . Rims with maximum gas temperature at the inlet of the 
turbines indicated the maximum air flow with the particular 
number of turbine compressor units used (see Figure H\ 

(4) and (5). From the runs which tested emergency cases it 
appears that a breakdown of a turbine compressor unit in the 
CO boiler circuit will inevitably result in a complete shut-down 
of the umt (surging of the compressors, see Figures 12,13 and 
14, graph 1). In order to cope with this situation, an emergency 
valve to open a by-pass of the regenerator was provided, 
together with automatic valves to close the turbine and com¬ 
pressor of the unit suffering the breakdown (see Figures 12,13 
and 14, graph 3). 

The tests also showed that the amount of fuel burned in the 
CO boiler should be kept above a certain figure in order to 
ensure that surging of the compressors will not occur if the fuel 
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Operating limits for (he power recovery unit at design 
pressure of the regenerator and design inlet 
temperature of the turbines 



Figure 11 


Figure 12, Break--down of a compressor in the CO boiler circuit 
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Steam ivoduction 



Figure 23 


supply (Fibres 15-17), or a breakdown occurs in one o 
Uie CO boiler compressors (Figwes 18-20). It was decided tc 
use an mdependent fuel supply for this ‘minimum’ fud. Thi 
source would also supply fuel for the controlled burners in th« 
bottom of the CO boiler because failure of this fuel supph 
results m a shut-down of the unit (Figures 21-23). 

All the values established in the various runs with the model 
Me printed in Hgure 11, which gives the operating ranges ol 
the umt withm which emergencies may occur without a resultant 
shut-down of the complete unit. 

(€). The procedure for the start-up and shut-down of the unit 
was found to be useful in practice, no difficulties whatsoever 
bemg encountered. 


Condusions 


Nomenclature 

C A constant 

/ A function of 

F Flow rate 

HF Shaft horse powers 

1 Moment of inertia 

k Ratio of specific heats 

N Number of revolutions per unit of time 

p Absolute pressure 

t Time 

T Temperature 

V Volume 

Ah isentropic enthalpy difference 
rjC Compressor efficiency 
r)T Turbine efficiency 
o) Angular velocity 
p Gas density 


The possibility of establishing the operating limits and th< 
extra safe^ devices found to be required by the system bott 
constitute strong recommendations for the use of an analogut 

** dynamic behaviour of a process 
unit if this cannot be estimated from a paper study. 


Subscripts 

u Upstream 
d Downstream 
0 Design 
c Compressor 
t Turbine 
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Statistical Analysis of a Novel Fluid Flow Control System 

R. C. BOOTON, Jr. and W. E. SOLLECITO 


Summary 

This paper presents the analysis and design optimization of a new and 
novel method of controlling liquid flow to very high accuracies. The 
method is based upon a particle counting technique to measure 
integrated flow. The basic control system is described. Errors in the 
system are generated from random location of particles in the fluid, 
random disturbances, quantization, and measurement factors which 
make the total count uncertain. The random location of particles in the 
fluid leads to a noise-like term in the system input whose statistical 
characteristics are non-stationary. The basic noisemechanism character¬ 
istics are derived and the effects on system accuracy, velocity and ac¬ 
celeration error are calculated in literal form. The parameters of the 
controller are varied to minimize the servo error within the constraints 
imposed by maximum error velocity and acceleration. Design trade-off 
curves are developed. The requirements placed on sensing resolution 
and other factors which make the total count uncertain are discussed 
and an example is cited. 

Sommaire 

Cette communication pr6sente Tanalyse et optimalisation d’avant- 
projet d’un systdme k la fois nouveau et original pour le r^glage 
avec une tr^ haute precision du d6bit d*un liquide. La m6thode se 
base sur un technique de comptage des particles afin d’obtenir une 
mesure du d^bit int6gr6. On d6crit le systfeme fundamental de 
r6glage. Les erreurs du systfeme sont engendr6es par la position 
al6atoire des particules dans le fluide, par des perturbations al^toi- 
res, par la quantisation, et par des facteurs de mesure qui rendent 
incertain le comptage total. La position al^atoire des particules dans 
le fluide mdne k un terme semblable au bruit ^ Tentr^e du systdme, 
dont les caractdristiques statistiques ne sont pas stationnaires. On 
derive les caract6ristiques fondamentaux du m6canisme du bruit, et 
on calcule sous forme lit6rale les efTets sur la precision du systdme et 
sur I’erreur de vitesse et racc616ration. On varie les parametres du 
m6canisme de r^glage pour rMuire au minimum Ferreurd’asservisse- 
raent dans les limites des contrainteS impos6es par Terreur maximale 
de vitesse et Tacc^ldration. On d^veloppe des courbes d’6change 
pour le calcul. On discute les conditions requises pour la resolu¬ 
tion des capteurs, ainsi que d’autres facteurs qui rendent incertain 
e comptage total et on cite un exemple. 

Zusammenfassung 

Der Aufsatz enthait die Untersuchung und einen optimalen Entwurfs- 
vorschlag fiir eine neuartige Methode zur sehr genauen Regelung des 
Durchflusses von Fliissigkeiten. Die Methode beruht auf einem 
Teilchenzthlverfahren zur Messung des integrierten Durchflusses. 
Das zugrunde liegende System ist beschrieben. Systemfehler ergeben 
sich durch die zufallsbedingte Lage der Teilchen in der Fliissigkeit, 
durch regellose Stdrungen, durch Quantisierung und durch MeB- 
faktoren, die die GesamtzShlung unsicher machen. Die zufalls- 
bestimmte Lage der Teilchen in der FlUssigkeit ftihrt zu einem ge- 
rauschahnlichen Glied am Eingang des Systems, dessen statistische 
Eigenschaften nichtstationar sind. Die zugrunde liegenden Eigen- 
schaften des Gerauschmechanismus werden hergeleitet und die 
Auswirkung auf die Genauigkeit des Systems sowie auf die Geschv^- 
digkeits- und Beschleunigungsabweichungen genauberechnet. DieAn- 
derung der Parameter des Reglers erfolgt so, daB innerhalb der 
Beschrankungen, die durch die maximale Geschwindigkeits- und 


Beschleunigungsabweichung gegeben sind, der Regelfehler minimal 
wird. Kurven zur Beriicksichtigung von Entwurfsabanderungen wer¬ 
den abgeleitet. Die Bedingungen iiber die Empfindlichkeit des MeB- 
gerates und andere Faktoren, die die Gesamtzahlung unsicher machen, 
werden besprochen; ein Beispiel ist angeftihrt. 


Introduction 

This paper presents the analysis and design optimization of a 
novel method of measuring and controlling fluid flow to very 
hi^ accuracies. This method is most applicable to those systems 
where it is desirable to measure accurately flqid flow from 
fixed volume sources. A specific military application is given, 
but the results are potentially applicable or adaptable to a wide 
variety of industrial blending systems. In this particular instance, 
the method is applied to a propellent utilization system where 
it is desirable to control the flow of fluid from two tanks such 
that when one runs dry, the other will be empty to within 
0*05 per cent of the initial volume of fluid in both tanks. This 
order of accuracy is desirable in fluid propellent missile applica¬ 
tions because any fuel remaining in one tank when the other 
runs dry represents a loss in usable thrust and an effective 
increase in non-usable payload. 

The fluid volume measuring technique invented by Adamson^ 
is based upon injection of a known number of particles into each 
tank and sensing and counting the particles as they exit from the 
tanks with the fluid. The method offers high accuracy potential 
because a relatively large number of particles can be used. 

System Description 

The system configuration is shown in Figure 1. The tanks 
contain given amounts of fluid in which a counted number of 
particles are randomly dispersed. As fluid is pumped from the 
tanks, particles are carried out and sensed. For each particle 



JFtgure L Propellent utilization system configuration 
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sensed, a pulse is sent to a difference counter. The difference in 
the number of particles detected by each sensor is an estimate 
of the a<^d mtegrated flow difference. This error signal is used 

to vary the flow rate in one tank to maintain the count difference 
near zero. 

Normally, fluid flows from the two tanks at nominal rates 
so that the tanks wiU empty simultaneously. The purpose of the 
propellent utilization system is to correct errors in integrated 
flow cauMd by valve and supply line unbalance and pump and 
combustion chamber disturbances. 

The compensation network is designed to minimize the 
expected error caused by the random distribution of particles 
B^use the actuator and valve are fixed in design, this becomes 
a -fixed configuration’ optimization problem. 

diagram assumed for this analysis is shown in 
Figure 2. The operation of the servo is based upon the number 




1-67x10“ 


-=3-34 X 10”'^sec" 


Measurement 


V^lve and 
combustion 
chamber 
disturbances 



Compensation 

G(s) 

Actuator 

► j. ■< 

\^tve 

Response 


s 

s 



Effect of control 





Figure 2, Simple model of the servo 

and disWbution of the particles and hence the weight or volume 
ot the fluids need not enter the analysis except in the inter- 
pretation of the final r«ults. Therefore, the servo response is 
taken to be the effect of control upon the integrated flow 
mealed as a fraction of a total tank. The servo error is pro¬ 
portional to the counter output and is the error in integrated 
flow cau^ by disturbances minus the corrections caused by 
control pks the random errors introduced by the measurement 
procew. pe system error is calculated as a fraction of a total 
tpk. ff *e total weight of the fluid in each tank were the same, 
then the R. M. S. value of the remaining fluid would be the weight 
of one tank times the R.M.S. system error. If the tanks have 

weights 

sho^d be used. R.M.S. values rather than average values are 
used b^use both tanks have equal probabilities of emptying 
nrst and a mean square error measure is used. 

B^use of the two integrations in the servo loop, the charac- 
teratics of the overaU servo will be such that the servo corrects 
perfeefly for constant errors in the flow rate. Random disturb- 
m flow will be corrected if they vary slowly with respect 
to the servo time constant. 

Nex^ a ^ghtly hypothetical but specific numerical example 
IS wnsidered. The normal flow time to empty both tanks com¬ 
pletely is t^^ as 15 min. To maintain the flow rates wi thin 
acceptable limits for the combustion chamber, the valve opening 
^ be vmed only ± 15 per cent around the nominal position. 
The mapnum change in flow rate corresponds to 15 per cent 
of a tank m 900 sec and thus the maximum servo velocity is 


-=^ 0 * 1 X 111 sec * (2) 

The system defined thus far indicates that optimization will 
be requiredfor a ‘fixed configuration’ system subject to saturation 
constraints and random inputs. 

Error Generation 

In this method of measurement there are two main types of 
error generation; noise effects and count uncertainty. 

Noise Effects—Th&st occur because the particles are 
r^domly districted throughout the fluid. The running count 
of particle leaving a tank does not exactly represent the actual 
volraie of fluid leaving the tank. Figure 3 shows the case where 
fluid leaves a pk at a constant rate. If the particles were 
unifcraily distributed throughout the fluid, the running particle 
count cu^e would lie on the fluid volume curve. Because of the 
rradom distribution, the count can be more or less at any given 
time and can lie anywhere within the possible running count 
shown. Statistically, the running count curve to 
stey on rae side or other of the fluid volume curve. The number 
of crossm^ is small. The difference between the two curves is 
the deviation and is zero at both ends. 

If the syston were fast enough to follow the deviation, no 
net error due to noise would result, but since the system has 
a fimte res^nse time and given saturation characteristics, its 
inability to follow the deviation curve results in an error. 

The Com Uncertainty BJ-rar—This occurs because the count 
difference is the subtraction of two total counts each of whidi 
does not truly r^resent the actual number of particles that did 





sec~* ( 1 ) 

The valve can be moved from neutral to either extreme in 
approximately 0-5 sec and thus themaximumservo acceleration is 


pass by or should have passed by the respective sensors. This 

uncertamty is caused by the following: 

(o) The sensors can miss some particles because they occur too 
close together (the resolution loss in the sensors). 

(h) The average resolution of the sensors can change. 

(c) Particles can stick or clump together and produce only one 
count (this is equivalent to sensor resolution loss). 

(d) Particles breaking into several pieces to give extra counts. 

(e) Extra pulse generation in the sensors or extra count effects 
in the counter. 

(/) Uncertainty in the actual number of particles placed in each 
tank. 

ig) Particles adhering to container walls. 

(A) Particles floating to top of the fluid 
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Additional errors can be caused by: 

Dead Volume —is a minimum amount of fluid which 
cannot be drained from the lines due to characteristics of the 
pump and combustion chamber. The fluid that sticks to the 
walls is also dead volume. 

Flow Disturbances —^Disturbances in flow can occur near the 
end of the run and can cause an error which is not removed by 
the end of the run. 

Quantization—Eeich particle represents a given amount of 
fluid. No information is known regarding how much of this 
given amount of fluid has passed by the sensor when a pulse 
occurs. For a large number of particles this error is negligible. 

The system design problem therefore consists of evaluating 
the effects of these possible sources of error and designing a 
system to minimize the total probable error. This design is sub¬ 
ject to the constraints of a given valve and actuator whose linear 
and non-linear characteristics are known but are not subject to 
change by the control system designer. 


Error Separation Analysis 


The following notation is used: 


Cl9 C 2 

Ci{t\ C^it) 

N 

(to 

T 


= integrated flow from tank 1 and tank 2 respective¬ 
ly in the period from 0 to / 

= total number of particles sensed by sensor 1 and 
sensor 2 respectively 

s= number of particles sensed by sensor 1 and 
sensor 2 respectively in the period from 0 to f 
«= error in Ci(f) and C 2(0 respectively caused by the 
random location of particles 
= mean value of total counts and (approxi¬ 
mately equal to number of particles in each tank) 
— standard deviation of Q and C 2 (R.M.S. value 
of variation of Cj and C 2 around N) 
equivalent total time bs^ed on second stage flow 


rate = 900 sec 

Vm = maximum servo velocity = 1*67 X lO"^ sec” 

Am — maximum servo acceleration = 3*34 X 10 “^ sec ^ 


If the particles were uniformly distributed 


is the noise in the servo input. The third term is the error caused 
by the uncertainty in the total count and at the end of the second 
stage has the approximate variance 


E 


Ci-JV 

N 


MT)- 


C2-N 

N 



2 



(5) 


Noise Giaracteristics Derivation 


This section analyses the characteristics of the noise-like 
term, n(t\ present in the servo input because of the random 
location of the particles in the fluid. Although the basic random 
process is a function of distance and not time, the approximation 
is made that the noise can be treated as a function of time, where 
the conversion from distance to time is based on the nominal 
flow. Because the preceding section has shown that the effects of 
variation in the total number of sensed particles can be handled 
separately from the noise, the total number sensed by each sensor 
is taken as N. The count in the time interval from 0 to f is denoted 
by c(0» Consider first the effects of a single sensor. The particles 
sensed are assumed to occur at random and independently of 
each other. 

Since the counts are assumed to occur at random in the time 
interval ( 0 , T), the probability that a particular count oa^s in 
the time interval (0, ^i) is tJT. With JST counts, the probability of 
Cl counts in the time interval ( 0 , t^ is given by the binomial 
distribution 




Nl 




AT-ci 


and this is 


CiKN^cOV 

m [h'Y^T-h”' 


The normal (Gaussian) approximation to this distribution is 


where 


P(Ci) = 


OiilKT 






h 



cAt)=cM) 

but because of the random location of particles 


Ci(0=Ci/i(0+/5i(0 

which can be written 

Cl it)=NA (0+j5i (0+(Ci -N)fi (0 

Because a similar expression can be written for Ca(0 the estimated 
error in integrated flow (the counter output divided by N) can 
be written as 

4a^/.(o-£^/,(.)] 0) 

The first term on the right is the true error in integrated flow. 
The second term 

(4) 


Next is calculated the conditional distribution of the number 
f counts, ca, in the interval (0, fa) given that Ci counts occur in 
), fj) where fa is greater than fi. In the time interval (fi, T) there 
re N — Cl coimts and the probability that each of these N — Ci 
ovmts lies in the time interval ( 4 , fa) is (fa — t-dliT— fi)- The 
robability that Ca counts occur in the time interval ( 0 , fa) given 
lat Cl counts occur in ( 0 , f j) is the same as the probability that 
j — Cj counts occur in (fi, fa) given that Ci counts occur in 
), fi) and this is 

(^f_C2)! LT-fi J IT-hj 

The normal approximation to this distribution is 

1 


P(C2/Ci) = - 




2<r«2 


here 

)f,=(W-Ci) 


t2~ti 

T-fi 


Jrr, 
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*p/f of c, aad which satisfies where use has been made of the fact that n(0) is zero The mean 

Pici,^ P(ci) P(c2/ci) IS a two-dnnensional normal distribu- square value of this resnonse — p MrAi k o™®ao 
tion. The conditional distribution for a two-dimensional normal response, Rit)-E [r*(/)] becomes 

distribution can be written in the form 2 f* f* 

1 ^ 


P(C2/Ci)-———-2\ aid-/,!)* 

where p is the normalized correlation 

-/^i) (fiz - Az)] 


Substitution leads to 




O1O2 ^ ^“asimilarmannerthemeansquareservovelocityisevaluatedas 

Comparison with the e}q>ression derived above shows that 2 2 f* 2 T C* 1 ^ 






^=Izh 

O’! T-ti 

and thus the covariance of the count is 
C(^i ~ /*i) (^2 ~ f^i)! =P<riO’2= af 


Therefore 


_ iT-t 2 MT-t,) . 


T^~\ <2) for ti<< 


’=‘-f2h(T—t]) for t2<^i 


The mean square servo acceleration is 

where is the doublet response, Ai(t) = Ao(t) 

Servo Characteristics and Accuracy 
The transfer function of the servo is 

g( 5 )=-^(^) 

?- 1 - 0 ( 5 ) 

where 0(5) is defined m.Bg'we 2 . A reasonable choice for the 
form of G(s) is 


The mean of this process is E [c(/)] = Nt/T <?(5)=.gpF^- ^ . ''V 

With the counter subtracting the ou^uts of two sensors, the s+EtV 

Munter output divided by iV is a measure of the different in ^ ^ and B are parameters to be determined. The servo 

intefirrated fluid flow Th^ ^ 4 ? * 1 ._•_ .v tran.^fer fnnntion ttion io 


2 s+W^ 


S-IrBW 


H{s)=^ 


KW^s+KW^ 




, _ - jui . - '''' xxi^ OCJ.VU 

mtegrated fluid flow. The correlation of the noise is then transfer function then is 

•E[n(tj)n(t2)]=^^t2(r-f2) for #i<f2 '^^'*^~F+BW+kF^5+]kF^ 

= Ai^ <2 (r- h) for U < U ^ “’T® function, the integrals needed to 

®''^“a*®*®®ff®cte of noise can be shown to be approximately 
where the factor of 2 occurs because two independent random f', / s ^ f* f* 

terms were subtracted. Equation (Q shows that the noise is /lo(T)<iT=l; hi(T)dT=0 

non-stationary. ° Jo Jo 

Calculations which foUow are simpler in terms of the deriva- 

tiro of the noise. The correlation of the derivative n'(t) is x . K+B^ 

a I fe-x(T)dT==t-b- ^ 

Syston Reqioiise to Noise Jo 2 {B—l) 

to '^®/“P°“® f>i® to the noise can be expressed in where the non-dimensional product Wt has been assumed large, 
terms ot the step response, A-j, by the superposition integral f^® “«an square value of the servo response to noise then is 


For a servo with this transfer function, the integrals needed to 
evaluate the effects of noise can be shown to be approximately 

|^hi(T)dT=<; £/io(T)<iT=l; J^*hi(T)dT=0 
and 


iiC-l-S^ 

2 WKiB-l) 


f'hf(x)dr=.E!(£!±^ 
Jo 2(E-1) 


)=J^ft-i(T)n'(f—1 


p2rrt_^t , K+B^ 2t^ 

NT'^NWTK^B- 1 ) nP 
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When one tank stops flowing, the response at that time is the 
error caused by noise, and the mean square response is the 
mean square error caused by noise, jE|. Because this occurs 
when t is near T, 


2 /T-A 
N\T }' 


K+B'^ 

'NWTK(B-\) 


The first term 




2 T-t 


represents an error caused by the fact that the tanks and pipes 
do not empty completely even with no error (the small portion 
of this term caused by the existence of the error is neglected). 
The second term 

NTWKiB-l) 

is the mean square value of the error caused by the fact that the 
servo is not infinitely fast and is here called the mean square 
servo error. 

In a similar manner, the mean square velocity and ac¬ 
celeration can be evaluated as 


W(K+B) 


and — 


2 W^{K^+K) 


NT(B- 1 ) 




If there were no acceleration limit, B would be increased 
until the mean square servo error is essentially 

p2_ 7^ 

^2 

The existence of the acceleration limit, however, limits the 
maximum value that can be used for B. To determine this value, 
the mean square acceleration is evaluated in terms of B as 


2 VV? 






The acceleration constraint is reached when 






iB^'^+i)B^'^ 


This equation can be solved numerically for B. Then values^'of 
K and IV are calculated. Figures 4 and 5 show these parameters 
as functions of the number of particles N, 

Next, the mean square servo error corresponding to these 
parameter values is evaluated and is shown as the solid line in 


The effects of velocity and acceleration saturation can be 
taken into account by constraining the mean square values of 
the velocity and acceleration in the linear system to be times 
the squares of maximum velocity and acceleration in the actual 
non-linear servo*. Therefore, the next step is to select the servo 
parameters K, W, and B so that, subject to the constraints 

and ( 16 ) 

71 71 

the servo error is minimized. First, for each K and B, fV is made 
as large as possible without violating the velocity constraint. 
This value of JfV satisfies 

W(K+B) _ 2 2 

NT(B-i) n " 

from which W is determined as 

2V^NT(B-l) 

itiK+B) 

For this value of W, the mean square servo error is 

2__ n(K+BKK+B^) 

^ 2V^N^T^K(,B-iy 

For each value of B, the K that minimizes the mean square 
servo error is 

K=B^ ( 17 ) 

Use of this value for K gives the mean square servo error 



Figure 4. Servo parameters B and K as a function of the number 
of particles^ N 



0 lx 105 2 x 10 ® . 3 x 105 

N 

Figure 5, Servo parameter W as a function of the number of particles, N 
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Figure 6 . For comparison, the dashed line in this figure shows 
the mean square servo error that would result if the acceleration 
constraint were not present. 

Sensor Resolution Analysis 

Uncertainty in the total count has been shown to contribute 
to the final error. Uncertainty in the final coxmt is due to a 
number of factors, of which the most important probably are: 

(1) Variation in the number of counts because of imperfect 
resolution, 

(2) Variation in the number of particles placed in the tank. 

( 3 ) Uncertainties caused by particles floating to the top of 
the tank. 

( 4 ) Variation in the effective number of particles caused by 
breaking and clumping. 


where is the first moment 

Mi(n)=^kP(fc,n) 

k 

Solution of this first-order difference equation gives 



In a similar manner, multiplication by and summation with 
respect to k leads to 

M2(n)=^l-^^M2(n-l)+^2-^^Mi(n-l)+l 

where is the second moment. 

M2in)=Y,eP(k,n) 



Figure 6 . Mean square servo error as a function of the number of 
particles, 


The variance of the total count caused by imperfect resolu¬ 
tion is now calculated. The probability of a count of k with n 
particles is denoted by P(^, n). If k particles have been counted 
and an additional particle is placed at random in the tank, then 
the probability that it will not be counted is approximately 
IpkIL, whereis the minimum distance that two particles can 
be separated and each still be counted, and L is the effective 
length of the fluid. Thus, consideration of an imaginary ex¬ 
periment in which the particles are placed in the tank one by 
one shows that P(k, n) satisfies the two-dimensional difference 
equation 

Multiplication by k and summation gives 

Y.kPQc,n)=Y^^ep{Jc,n-l) 

k k k-> 


These results are used to derive an equation for the variance 

<^R{n)=M 2 (n)-M\(n) 

Substitution of M^n) = and the solution for 

(n) into the equation for Mfji) leads to 

after some algebraic simplification. 

With the initial condition — 0 , the solution of this 

equation is 

which leads to 

For small values of p this is approximately 

Thus the variance of the final error caused by resolution is 


p, 2 _ 2 ( 7 c/{(JV) 2 p 
Er -- -j- 


( 21 ) 


Because the effective tank length is approximately 1 X the 
variance of the resolution error is 



El = 


P 

5 xl 0 «n 


+ e[i kP(k-l,n-l) 

which can be simplified to 

•Wi («)=(^1 — Ml (« - 1)+1 


Assignment of Allowable Errors 

If the various causes of error dealt with previously are in¬ 
dependent, the variance of the total error is the sum of the 
variances of the various components of the error. The exact 
manner in which the total error variance is divided among the 
individual components should depend upon the difficulty with 
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which various operations can be achieved. A slightly arbitrary 
division ol‘ the total allowable error is assumed here for purposes 
of discussion. If the allowable R.M.S. error is taken to be one 
part in .*1,000 (of one tank) the mean square error (variance) is 
approximately 1110^. Reference to the servo analysis above 
shows that approximately 10‘* particles results in a servo error 
of less than 2 U) ^ with some allowance being made for the 
servo not being exactly optimum. With this number of particles 
the variance of the error caused by incomplete emptying of the 
tanks is less than 10 ” if appri>ximately one part in 1,000 is left 
unemptied. If the variance of the resolution error is allowed to 
be 3 X U) ^ the resolution distance, p, must be 15 (x. Variance of 
approximately 6X 10 ^ is left to the other factors which cause 
uncertainty in the total count. This corresponds to an allowable 
variance in the total count of approximately 500. 

All the above rctiuiremenls are very stringent but do not 
seem Impossible to meet. Resolution is probably the most dilTi- 
cult instrumentation problem. No spccilic analysis has been 
made of the particle uncertainties such us rising, clumping and 
breaking, but obviously these must all be carefully watched, 
I'xpcrimental determination of some of tlicse loss uncertainties 
is rcctmimciuled. Servo errors, including miscellaneous cITccls 
can probably be met satisfactorily if at least 10^* particles arc 
utili/ed. 

Coiidushm 

The basic analysis approach followed in this paper has been 
to convert what is essentially a complicated, di.screte, non-lincar 
system problem to the proldem of a continuous linear system, 
l-irst, the actual noise process is approximated by a guussian 
continuous process. Secondly, the non-linear saturation phenom¬ 
ena are approximated by quasi-laneuri/ntion techniques. Both 
of these simpliilcatiuns can be applied to other similar problems. 

The analysis shows that very liigh accuracies in the measure¬ 
ment and ctmlrol of fluid flow arc feasible. 

Basic derivations are presented for 

(1) C-‘orrelalion function of the non-stalionary noise gener¬ 
ation mechanism us shown in cqn (6). 


(2) Transmission of this noise through the system in literal 
form as shown in eqns (11) and (15). 

(3) Variance of the sensor resolution error as shown in 
eqn (20). 

In addition, design trade-off curves subject to system velocity 
and acceleration saturation constraints were developed and 
shown in Fijfttres 4y 5, and 6, 

Relatively straightforward statistical and servomechanism 
analysis techniques have been used in this paper. The saturation 
constraint approach to approximate design of non-linear servos 
is related to the work of Newton*' and some of the techniques 
described there can be used. Fundamentally, the problem de¬ 
scribed in this paper is a final value problem and at the expense 
of probable added complexity, improvement in the design might 
result from use of final value design techniques'** 
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DISCUSSION 


O. L. UpDiKi, Sehtioi of Engineering and Applied Science^ University 
of Virginia^ yirginia^ 

The lechniquc of flow measurement reported by Booion and Sollccito 
may have a xignificanf hioinedieal applicatitm in the measurement of 
bhnnl flow. Since the obvious particles to he sensed in this appllcutit)n, 
the blood ci»rpusclcs themselves, arc quite numerous, problems may 
arise because of multiple particle interferences. The multiple particle 
problem has been studied for the counting of ruiioactive events at high 
rales. In any case, applications are most likely for capillaries and small 
arieriolcs and venules. 

W, ll, Soi iK Ufi, in reply 

Yes, this technique of flow measufcment might have application to the 
measurement tif blood f!«m* by sensing and counting blood corpuscles. 
The problems of signal generation and sensor resolution, though, arc 
quite different from those encountered in the application reported in 
this paper, because here the particle conligurulion and number were 
subject to engineering design. 


Because of the severe problems envisaged in the sensing of blood 
ct^rpuselcs in the veins or arteries, applications will be most likely for 
capillary type flow measurement. 

R.S. Gaylord, Aerospace Corpora!ion, Los Angeles, California, V,S,A, 

The authors have presented a very interesting scheme for controlling 
fuel utilization for rockets. It appears that a proper uniform distribu¬ 
tion of the particles is ncce.ssary in order to avoid non-uniform count¬ 
ing due to a possible tendency of particles to concentrate in one of the 
tanks, say the controllable tank. Does this mean that the specific 
gravity of the particles must be controlled so that the effects of temp¬ 
erature on them is the same as that on the propellant? 

In this connection, does the scheme depend on the Brownian motion 
of particles in the lank to ensure proper mixing of the particles? 

W. H. SoLLECito, in reply 

The specific gravity of the particles must closely match that of the 
propellant, and should vary with temperature in the same fashion. 
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This was one of the challenging aspects of the particle development 
task and was satisfactorily accomplished. 

With respect to mixing of the particles in the liquid, the particles 
were inject^ into the propellants and mixed mechanically, for the 
feasibility demonstration. Brownian motion assured the continued 
random distnbution of particles during the test cycle. 

Diffi^lty of random distribution or suspension of the particles in 
e liquid IS proportional to particle size. Improvements in sensor 
sensitivity allow the use of smaUer particles and thereby reduces the 
continued suspension problem. 


SOI, London, W.C.2., Ens- 

I would be toerested to know if you have explored any other methods 
ot sensing, before deciding upon the method which you used. 


W. E. SoLLEcrro, in reply 

As presented in the discussion, it would appear that opposing require¬ 
ments exist in the selection of the concentration of particles and would 
therefore indicate that an optimum concentration would exist In fact 
this situation does not exist. Reference to eqn (21) shows that the 
mean-squared resolution error is independent of N. This result means 
that as the number of particles is increased, a proportionate increase 
m unsensed particles can occur with no change in resolution error. 

Reference to Figure 6 shows that the mean-squared servo error 
decreases monotonically as the number of particles is increased. The 
trade-off, therefore, is between the practicality of a smaller number of 
reticles and the mean squared error. The approach used was to select 
the mmimum number of particles consistent with an assigned allowable 
mean squared error. 


W. E. SoLLEcrro, in reply 

Avrard of this development contract was made on the basis of com¬ 
parison with other proposed measurement techniques. Prior to the 
invention of this method by Adamson, surveys had been made of 
^mmercially available flow sensors. None of these was satisfactory 
for this specific application. ^ 

Huid^ flow measuring techniques utilizing rotating vanes, fixed 
votoe displacement pumps, capacitance change effects and «imii., 
® were investigated, but discounted for reasons of inaccuracy 
and mconsistency with the requirements of the application. 

the presentation of the paper, an analogue-digital sensing 
teclmique was discussed which provides the required flow accuracy for 

abour*^°”* “ **0®® ”°t slosh 

W. A. Le Rutte, Unilever N. V., Rotterdcan, Netherlands 

^e mtegrated flow in a pipeline is measured by counting particles. 
If the concentration of particles is low, then the accuracy of the meas- 
urement will be low. 

If the concentration is too high, the resolving power of the optical 
detecting system will not be sufficient to count accurately. Gould the 
authors give any data about the concentration of particles necessary 
to give optimal accuracy? 


G. M. E. WiLUAMS, Northampton College of Advanced Technology. 
Sl John Street, London, E,C,L, England 

Does the valve in ffie suspension flow line ever have to close absolutely 
on the flow once it has started ? If so, is there any experience of the 
particles mteifering with the closure of the valve? Is there any evidence 
of other such objections to the use of this method of flow measure¬ 
ment? 

Was an admixture of an artificial radioisotope considered as an 
alternative to the suspension of particles? If so, on what grounds was 
It rejected? 


W. E. SoLLEcrro, in reply 

^ mentioned in the paper, to maintain the flow rates within acceptable 
lunits for the combustion chamber, the valve opening can be varied 
only by ± 15 per cent about the normal position. Therefore the valve 
does not close absolutely once the flow has started. 

Although our experience in this application is limited, we anticipate 
no problems with closure of the valves due to the particles. During 
normal operation of some rocket engines, aluminium particles are 
mjected to increase the mass flow and to improve performance. 

The admixture of artificial radioisotopes was not considered as an 
alternative to the suspension of particles. 
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Effects of Fluid Mixing and its Expressions on Dynamics 

of Mass Transfer Process 

T. TAKAMATSU and E. NAKANISHI 


Summary 

Many published papers dealing with the dynamics of a stagewise mass 
tranrfer operation are based on an assumption of perfect mixing in 
a stage. 

In this paper, the effect of the deviation from this assumption on 
dynamics, which surely happens in most industrial large scale plants, 
is discussed. 

The degree of mixing condition is expressed by the ‘diffusional 
model’ and the ‘a series of perfect mixing vessels model’, and the 
relationship between two models is obtained for steady state. With 
respect to the dynamic analysis, it is pointed out that the results based 
on these two models are different from each other, even if both models 
are quite equivalent from a statical viewpoint. 

It is also concluded that the degree of mixing strongly affects the 
dynamics between inlet and outlet concentrations of that fluid whose 
mixing degree is under consideration, and it is not the case for the 
dynamics between all other signals in a process. 

Sommaire 

Dans beaucoup de publications traitant de la dynamique de transfert de 
masse k I’int^rieur d’un 6tage, on suppose un melange parfait. 

Dans ce rapport, on discute I’effet rdsultant sur la loi dynamique de 
transfert quand cette hypothSse n’est pas v6rifi6e; ce qui est le cas des 
grandes installations industrielles. 

Les lois gouvemant le degr^ de melange sont repr^sentdes par le 
«mod^le diffusionnel» et le «modele k cuves k mdlange parfait». On 
donne la relation en regime permanent de ces deux modules. Ils sont 
Equivalents au point de vue statique; toutefois, ils sont diffErents en 
analyse dynamique. 

On montre Egalement que le degrE de mElange affecte dans une 
, large mesure les relations dynamiques entre les concentrations de fluide 
considErE k I’entrEe et k la sortie, sans que cela concerne les autres 
signaux du processus. 

Zusammenfftssung 

Viele Verdffentlichungen uber die Dynamik stufenweisen Stoff- 
transportesbauen aufder Annahme auf, daB in einer Stufe vollstandige 
Mischung erreicht wird. 

In diesem Beitrag wird dargelegt, wie sich die Abweichung von 
dieser Annahme auf die Dynamik auswirkt; ftir die meisten industriel- 
len GroBanlagen ist wohl eine solche Abweichung anzunehmen. 

Die Bedingungen des Mischungsgrades werden an Hand eines Diffu- 
sionsmodelles und eines Modelles von Reihenschaltungen idealer 
Mischbehalter beschrieben und die Zusammenhange zwischen den 
beiden Modellarten fiir den Beharrungszustand abgeleitet. Es wird 
darauf hingewiesen, daB sich die Ergebnisse auf Orund dieser beiden 
Modellarten bei der dynamischen Untersuchung voneinander unter- 
scheiden, selbst wenn sich beide Modelle in statischer Hinsicht ziemlich 
entsprechen. 

AuBerdem ergibt sich die Folgerung, daB der Mischungsgrad einen 
starken EinfluB auf die Dynamik zwischen Eingangs- und Ausgangs- 
konzentration der betrachteten Fliissigjkeit ausflbt, was ftir die Dyna¬ 
mik zwi^hen alien anderen Signalen in einem FrozeB nicht gilt. 


Introduction 

In most mass transfer processes the flow of fluid is more or less 
mixed owing to the turbulence of flow itself, the contact with 
another fluid and the structure of apparatus. 

Most of the studies on dynamics of stagewise mass transfer 
operation have been carried out xmder the assumption that two 
fluids contacting in a stage are perfectly mixed^» 11 - 14 ^ 
however, a well-known fact that the above assumption is not 
always reasonable in practical stagewise contacting apparatus 
such as a large-scale plate column. 

Many studies on fluid mixing have been carried out for the 
purpose of analysing a steady-state performance^®, but there 
are very few with respect to the effect of fluid mixing on dy¬ 
namics®* This paper discusses how much the deviation from 
the above assumption affects the dynamics of mass transfer 
operation. The degree of mixing will be expressed by a ‘diffu- 
sional model’ and ‘a series of perfect mixing vessels model’, 
and the relationship between both models will be considered. 


Transfer Functions for Concentration Change 

The following assumptions are provided: 

(0 Mixing degree is considered only for the direction of 
main flow of the first fluid, and both fluids are perfectly mixed 
in the direction of main flow of the second fluid. 

(it) Holdups of both fluids are uniform throughout this 
elementary unit of mass transfer and also take constant values' 
independent of the changes of concentration and flow rate. 

(lit) Mass transfer capacity coefficient and equilibrium 
relationship between concentrations of both fluids are not 
affected by the changes of concentration and flow rate. 

Diffusional Model—la a diffusional model, an extent of 
local fluid nouxing is expressed by the so-called back-mixing 
coefficient, E, which appears to be an ordinary diffusion co- 
efl&cient. and shows a pseudodiffusional rate in the direction 
opposite to the main flow. 

Referring to Figure i(a), the following material balance 
equations are obtained: 


dx 0x 


-K(pc-x*)^0 


Ldx L {Qx Hy dy\ E L t^x , . 
G 0z uG\dt y u GW '■ '' 


where £ is a modified mass transfer capacity coefQcieht and 
has the following relation; 


_ u uNqji 

fPu Ho* I 


269 





T. TAKAMATSU AND E. NAKANISHI 




(b) A SERIES OF PERFECT MIXING 
VESSELS MODEL 

Figure I. Mixing models 


Pe^ullE 

Pe giv« by the last equation is called ‘P&let’s number’, and this 
is a dimensionless number which represents the mixing degree 
as a whole system. 

A Series of Perfect Mixing Vessels Model—A& shown in 
Figure 1 (h), this is a model in which the number of perfect 
mixing vessels expresses the mixing degree of the first fluid. 

From a material balance around the /th vessel the following 
basic differential equations are obtained, corresponding to 
eqns (1) and (2) for the diffusional model. 


Hr6x^ 




(II) 


HyAVi p, 


( 12 ) 


The transfer functions are obtained from eqns (4), (11) and (12), 
but Aese transfer functions are in agreement with eqns (5) to (8) 
provided that Af„ (s) given below takes the place of M„. (s) in 
eqns (5) to (8). 


M„(s)=l 



1 

n H 2 (s)J 


(13) 


Mixing Functions 


where/is the volumeteic fraction of the first fluid in the system, 
and Pm is molal d^ity of the first fluid (kmol/m*). 

For simplicity, an equilibrium relation betweai x and y is 
assumed to be 

y=mx*+c ( 4 ) 

Solving the second-order ordinary differential equation 
obtained by taking Laplace transforms of eqns (1), (2) and (4) 
with t, the following transfer functions can be obtained. 

(5) 


( 6 ) 

lj(s) ifi(s)^^ ^peis)] (7) 

ir(s) H2(syHi(s)H2is) 


where 


( 8 ) 


— + ^Tji Tjj + Nor S+Nor 


H2(s)=^l+^+irs 


M,*(s)= 


Pe-&^\b2-b,) 



4 gr(^)y i 

PeH^is)) J 


(9) 

( 10 ) 


Definition of Mixing Function—li should be noticed that the 
degree of tnixing appears only in (s) or is) in all transfer 
functions. Therefore, it is necessary and sufficient to consider 
(j) and (s) in order to analyse the effect of mixing degree 
on dynamics. Let us call these Af^,^ is) and {s) ‘mixing 
functions’. 

If is) given by eqn (9) and Af^ is) given by eqn (13) 
were always equal to each other, the effects of mixing degree on 
dynamics are quite equivalent for the two models. It is, however, 
impossible to find any relation between values of pe and n for 
which the condition, M^^is)—Mnis\ is always satisfied, 
except for the following special cases. For perfect mixing: 


lim Afpe(s)=lim 

Pc-»-0 n-+l 

For perfect piston flow: 


Mn{s)= 


H2(s) 

Hi(s)+H2is) 


(14) 


lim M,e(s)= lim M„(5)=exp(s)/fr 2 (s)] (15) 

Pe~*co jf+oo 

^lotion between (0) and M„ (0) in Steady State—Tbt 
mixing function also affects the steady-state performance as 
follows: 

x%—Xj—(xj —Xj*) [1—(Mixing function)] (16) 

(17) 

\ I 

where, for diffusional model, 

(Mixingfunction)=Mj,e(s)=M,e(0) 

5^0 

and for a series of perfect mixing vessels model, 

(Mixing function)=(s)=Af„ (0) 

g-»0 
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As is obvious from eqns (9) and (13), (0) and (0) 

are the functions of A and Nqr only, and one is able to obtain 
the relation between Pe and n that satisfies the relation of 
Mj,e (0) = Mn (0). Figure 2 shows this relation, in which 
A = XNorUX + iVbie) are used as a parameter. If the values of 
Pe and n related by Figure 2 are used for each model, the prop¬ 
erties of fluid mixing for the two models are quite equivalent to 
each other from a statical viewpoint. 



Figure 2, Relation between Pe and n for steady state 



Figure 3. and corresponding MnQw) 


Numerical Comparison with and ^ 

group of solid lines in Figure 3 shows one numerical example 
which represents the effect of Pe on (jco). It is seen that 
(Jco) is considerably affected by Pe when the value of cotr 
is large. 

As mentioned above, it is impossible to get the same dy¬ 
namics for the two models even if a relation between Pe arid n 
which satisfies the condition of (0) — (0) is taken into 

account. A group of broken lines in Figure 3 shows the values of 


Mn(j(o) calculated by the use of values of n which are so 
selected from Figure 2 that a relation of (0) = (0) be 

satisfied. 

Comparing M^^iJco) and corresponding Af^O), it is 
recognized that the values of gain are in close agreement with 
each other, but the values of phase lag differ widely from each 
other at larger values of cotr. 

Effects of X and Nor on (jco)—Figure 4 shows one 

numerical example which represents the effect of X on the Bode 
diagram of (joJ)* ^nd Figure 5 shows the effect of Nor» In 
both cases, X and Nqr principally affect only the gain values in 
a region of small values of cotr^ but it generally seems that 
Afj,e (Jco) is not strongly affected by X and Nqr- 




On Whole Transfer Functions for Concentration Change 

It should be noticed that a transfer function (s) for the 
first fluid whose mixing degree is under consideration is quite the 
same thing as the mixing function itself. Therefore, the discussion 
and the results mentioned in the previous section are applicable 
to Gi (s). 

With respect to the other three transfer functions G^(s\ 
Gz (s) and G^ (s) the following fact can be easily predicted by 
looking over eqns (6), (7) and (8). 

As previously mentioned, the effect of fluid mixing degree on 
Afjje (s) or Mn (s) app^s strongly in the higji-frequency region, 
where its absolute value is small. Therefore, the value of 
1 - Mpe (s) or 1 — Af^ (s) may not be largely affected by the 
degree of fluid mixing. 
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The transfer functions for a series of perfect mixing vessels 
model are obtained by replacing by M^is) in the 

similar manner as for the case of the concentration change. 
With respect to the transfer functions for the change of flow 
rate, it is true that the degree of mixing appears only in the 
mixing functions. Moreover, since its effect is expressed only in 
terms of 

M„(0)-M„(s) 

1-M^,(0) l-MM 

it may be easily understood that the effect of fluid mixing on the 
dynamics for flow rate change seems to be not so large. 



Figures. Effect of Nq;^ on 


On Transfer Functions for Flow Rate Change 

The basic differential equation for flow rate change is not 
linear for most cases, but it may approximately be linearized, 
provided it can be assumed that the deviation of flow rate from 
a steady state is very small. Then the concentration change is 
also very small by the same order of magnitude as that of the 
flow rate. Consequently, products of two deviational quantities 
can be neglected in comparison with deviations in concentration 
and flow rate. 

Under such assumption the following transfer functions can 
be derived for the diffusional model. 


Condusions 

The degree of mixing appears only in the mixing function, 
Mjie (s) or Mn defined in this paper. 

The transfer functions obtained from the diffusional model 
and the series of perfect mixing vessels model take the same 
form except in the mixing functions. 

The relation between Fe and n which gives an equivalent 
effect of mixing from a statical viewpoint is shown by Figure 2. 

The dynamics, especially the phase kg, by the two models 
are not exactly the same even if the characteristics of mixing in 
steady state are equivalent for the two models. 

It is permitted to say that, approximately, for the concentra¬ 
tion change of a fluid whose mixing condition is under considera¬ 
tion, the dynamics are affected by the mixing degree, and the 
dynamics for concentration changes of the other fluid and for 
ail flow rate changes are hardly affected by the degree of 
mixing. 

In addition, it should be noted that these conclusions arc 
also applicable to the dynamics of one stage of which the plate 
column is constructed. 

Appendix * 

1. Procedures for Obtaining Eqns (5) to (8) 

The boundary conditions for solving eqns (1), (2) and (4) are 
as follows: 


fl(s) = 




( XNor\( 1 \ 

"M^(0)-M;,,(s)1 

V+NoJWsPis)/ 

1-Mp,(0) J 




For the inlet 

=ulx(z,t)-Mty] ( 22 ) 

\ OZ /,=o+ *=0+ 

(18) For the outlet 



Rewriting eqns (1), (2) and (4) with the deviations in concentra¬ 
tion from the quantities in a steady state, and taking the 
(20) Laplace transform with t under the condition of constant flow 
rate, the following equation is obtained. 


( 21 ) 


H2(.s) 


d^X (z, s) 

"dW 


-PaHiis) 


dX(z,s) 

d(zlD 


-PeHi(s)X(z,s) 



(24) 
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From eqns (22) and (23), the boundary conditions are 


rdX(z,s)~ | ^ 

L d(z/0 Ji=o+ 

r dX(z,s)] 

L d(z//) 1-=,- " 


Pe[X(z,s)-X,(s)] 


n 

(25) 

From eqns (31) to (36) the transfer functions can be obtained 
and these are equal to eqns (5) to (8) in which Mn (s) takes 

(26) 


Solving the second ordinary differential eqn (24) under the Procedures for Obtaining Eqns (18) to (21) 


conditions of eqns (25) and (26), the result is 


^Hi(s)L blfP^-ble"' J\ «» / ^ 

On the other hand, the following relation can be obtained 
from the Laplace transforms of eqns (1), (2) and (4) with the 
deviational quantities. 

/•/ 2 (s)y(z,s)=y,(s)+—T^X(z,s) (28) 


For a small deviation of the second fluid flow rate, the 
following equations shown by the Laplace transform can be 
obtained from eqns (1), (2) and (4) for Yj (s) = 0, 

d^X(z,s) dX(z,s) 

“dW d(z/0 


The outlet concentrations of both fluids are shown by 
Xj,(s)=‘Xil,s) 


-PeiT^s+NoR)X(z,s)+PeNoRX*(z,s)=0 (37) 
I Eqn (38) I* 


y ( ) yj XPe\d(zllf d(z//); 




From eqns (27) to (30), the transfer functions shown by eqns (5) 
to (8) can be obtained. 


For solving the above differential equations the boundary 
conditions are as follows: 

^PeXiz,s) for Xx(s)=0 (40) 
L Jz*0+ s = 0 + 

.0 (41) 

L d(z/0 Js-I- 


2. Procedures for Ohtainutg the Transfer Functions by Perfect o^^^e other hand, the following relations are obtained from 

Mixing Vessels Model ^ 2 ) and (4) for the deviation of the first fluid flow rate 

Rewriting eqns (11), (12) and (4) with the deviational quan- _ q 

titles in concentration from a steady state and taking that La¬ 
place transform with t, the following relations are obtained. d^X (z, s) dX (z, s) ^ ^ 

M 1 ' /yfs)\ 6(z/0* d(z//) ^ 

X,(s) = .'(.s)X.(s)4-^^--Z/‘(.)(-^) (31) 

+PeNoR ^ ~^\dizlt)J\Wj 




+ Pe Nqr " 


Y,{s)=^^^A‘mmXr(s)) 

. 1 Fi I ^orI^. ^ 


d(z/oyvi? 


w *=1 J 


(5) (32) 


\ ^ d^X(z, s) m dX(z,s) m „y/«, a 

“dWiT 


Y (z. 


m/dx°(z)Vj 


and a boundary condition is 


1 .H,(s) 
n Hz (s) 


XoCs)=X,(s) 

The outlet concentrations of both fluids are shown by 


(33) The boundary conditions are as follows: 

L d(z/l) Jz=o* s = 0+ * = o+ \ ^ . 

(34) (forXj(s)=0) 


*Eqn (38): 


tions of both fluids are shown by r^ 2 , 5 )~j 

Xji(s)=X„{s) ^5)_ L d(z/o 1=1- 

. . 1 \'v°r-v°(z)fV(s)\. 1 d^X(z.s) 1 dX(z,s) TkS . .1 
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Eqns (18) to (21) can be obtained by the basic conditions men- 2 The length in the direction of the flow of the first fluid from 

tinned above for Xi (i) = Yi (j) = 0. inlet (m) 

Thetermi»(s)ineqn(18)is ^ Stripping factor (=OTl7iJ = »i<?//£) 

2 Resi'lencetimeoftheflrstandthesecondfluid,respectively(h) 

P (s)=1 -b ^ )VoT) H 2 (s) Superscripts 

0 Value of steady state 

Nomenclature * Equilibrium value 


C A constant in an equilibrium relation 
E Back-mixing coefficient (m*/h) 

G Molal flow rate of the second fluid per unit sectional area 
0cmol/m*-h) 

Hq^ Overall height per transfer unit based on the first fluid (m) 
^R> Holdups of the first and the second fluid in a whole system, 
respectively (kmol) 

K Modified mass transfer capacity coefficient (l./h) 

Overall mass transfer capacity coefficient based on the first 
fluid (kmol/m^-h) 
k The ratio of xy to 

L Molal flow rate of the first fluid per unit width (kmol/m-h) 

/ Total travelling length of the first fluid (m) 
m A constant in an equilibrium relation 
n The total number of imaginary perfect mfadng vessels 
Overall number of transfer imit based on the first fluid 
Pe Pdclet number defined by eqn (10) 

R Molal flow rate of the first fluid (kmol/h) 

Ris) Laplace transform of deviational quantity of R 
s Complex parameter of Laplace transformation 

/ Time (h) 

u Linear velocity of the first fluid (m/h) 

V Molal flow rate of the second fluid (kmol/h) 
y(s) Laplace transform of deviational quantity of V 
W Total volume of system (jxP) 

X Concentration of the first fluid (mol. fraction) 

X(s) Laplace transform of deviational quantity of x 
y Concentration of the second fluid (mol. fraction) 

Y(s) Laplace transform of deviational quantity of y 


Subscripts 

I Value at inlet 

II Value at outlet 

i Value in the zth imaginary vessel 
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DISCUSSION 


J. A. Alcalay, 2542 Corralitas Drive, Los Artgeles 39, California, 
U*S.A, 

Would your defined mixing functions (s) and (s) have the 
same format if the boundary conditions were different? Van Laar, in 
Chemical Engineering Science, has presented various solutions for the 
diffusional model equations depending on the boundary conditions. 


T. Takamatsu, in reply 

I solved the basic equation only under the given boundary conditions, 
so I cannot say whether or not this mixing function is applicable when 
the boundary conditions are different. I believe, however, that the 
effect of fluid mixing is concentrated to the form of mixing function. 
I thank you for giving this suggestion for our future study. 
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Experimental Study of the Dynamic Behaviour of a 
Heat Exchanger and of a Mixing Process 

L. DELVAUX 


Summary 

Experimental work has been made on dynamics of two types of 
physical systems: (a) the heat exchange between a forced water flow 
and the inside pipe of a concentric tube exchanger; (b) the mixing in 
a stirred vessel (chemical reactor). 

The performance of both systems was predictable by a transfer 
function of the general following form: 

1 + Ts 

however, the numercial values of the transport delay Tm and the time 
constant Twere much different: (1) 7m = 4 T; (2) Tm = 1/150 T; 

Their geometry was simple and their static characteristics were well 
known. 

One purpose of the study was to compare two experimental 
methods for finding the frequency-response diagram: (a) step response 
followed by a simple and approached method for going from step to 
frequency response; (b) direct frequency response. It appears that the 
conjunction of both methods may be very valuable. 

The other purpose of the report was to compare experimental 
frequency-response data and those obtained through a theoretical 
analysis, and to try to show how useless the mathematical models are 
when some basic factors of the static performance are not well known. 

Sommaire 

Deux systtoes physiques sont 6tudi6s: un processus thermique k trte 
faible inertie (fluide en tube int6rieurs d’un ^jhangeur k tubes con- 
centriques) et un processus de melange. 

Tous deux sont repr6sentables, en premiere approximation, par un 
systdme Equivalent composE d’un ElEment k temps mort et d’un 
ElEment de retard du ler ordre. Les grandeurs relatives du temps mort 
(7m) et de la constante de temps (T) sont cependant tres diffErentes: 
(l)Tm = 4 7’;(2)rm-l/150T. . 

La gEomEtrie des deux systemes est simple; les facteurs. physiques 
dEfinissant le rEgime permanent sont bien connus. 

L’objet du travail est d’une part d’appliquer aux deux systEmes 
les mEthodes indicielle et frEquentielle expErimentales directes et de 
les confronter avec I’analyse thEorique; d’au^e part, une mEthode de 
transformation approchEe de la rEponse indicielle sous une forme la 
rendant applicable k un calcul direct de stabilitE du systEme est 
EtudiEe. 

Les r^ultats obtenus indiquent: (1) la possibilitE relativement 
aisEe d’application des deux mEthodes expErimentales et la bonne 
concordance des rEsultats obtenus (10-20%) avec ceux de I’analyse 
thEorique rigoureuse, susceptible d’Etre conduite dans les cas simples 
choisis; (2) I’intErEt de remplacer une expErimentation frEquentielle 
difficile dans certains domaines de frEquence par la transformation 
approchEe des rEsultats de I’Etude indicielle; (3) I’avantage prEsentE 
par ces mEthodes expErimentales pour I’analyse de systEmes de mEme 
nature mais plus complexes, par rapport k une Etude thEorique basEe 
sur un modEle mathEmatique approchE, dans lequel doivent s’intro- 
duire des valeurs de paramEtres physiques mal connus. 

Zusammenfassung 

Es wurden Versuche fiber die Dynamik zweier verschiedenartiger 
physikalischer Systemeangesteilt: (a) WSrmetausch zwischen zwangs- 
umlaufendem Wasser und dem Innenrohr eines konzentrischen 


WEnnetauschers, und (6) Mischung in einem Rfihrbehfilter (Reaktor- 
gefaB). 

Das Verhalten beider Systeme konnte allgemein durch folgende 
Ubergangsfunktion vorhergesagt werden: 

e^^m* 

1 + 7 ’^ 

jedoch waren die numerischen Betrage der Transportverzdgerung 7m 
und der Zeitkonstanten T sehr unterschiedlich, nfimlich: fur a) 
Tm = 4 Tund fur b) Tm = 1/150 r. 

Die geometrische Anordnung war einfach und die Kennlinien 
waren gut bekannt. 

Bin Zweck dieser Untersuchung war, zwei Frequenzgangunter- 
suchungsmethoden zu vergleichen: (1) RuckschluB auf den Frequenzr 
gang aus der Sprungantwort und (2) direkte Bestimmung des Fre- 
quenzganges. 

Es scheint, daB eine Kombination beider Methoden sehr gfinstig 
ist. Der andere Zweck der Unterscuhung war der Vergleich aufge- 
nommener und theoretisch abgeleiteter FrequenzgSnge. Dabei soUte 
gezeigt werden, wie unbrauchbar ein mathematisches Modell wird, 
wenn einige wichtige Faktoren der statischen Kennlinie unbekannt 
sind. 


Purpose of the Work 

This paper, with the aid of two chosen physical examples within 
the domain, respectively of (a) the process of heat exchange 
and (b) the mixing process, is of interest, first, because of the 
exact knowledge of the physical parameters characteristic of 
the systems studied and intervening in the transient behaviour, 
and, secondly, because of the combined use of the experimental 
step and frequency response methods for finding the frequency- 
response diagram; in the case of an exclusive use step 

response, taking into account certain easy possibffities of 
deducing from it an approximate frequency response satisfactory 
to the needs of the user. 

Statement of the Problem 

The problem of the stability of a control loop—that is to say, 
of the adaptation of a controller to the loop in which it is in¬ 
corporated—^makes it necessary to know the transient behaviour 
of all the elements of the circuit. 

The dynamic behaviour of the regulator is well known; that 
of the measuring and final control elements is not so well 
known, but this lack of information is often of lesser importance. 
The comparison of these elements to some delays of a given 
order and characterized by approximately known time constants, 
is still sufficient in the physical systems of heat ^sfer or of 
mixing; the most delicate problem is the determination of the 
dynamical behaviour of the system itself, the influence of which 
is most predominant. 
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Theoretical analysis is possible for some simple cases 
suitable for applications which are already numerous and very 
useful. The works of Professor Profos and his disciples show it 
to advantage in the study of steam generators. The analytical 
formulation of the transient behaviour allows, through further 
research of the transfer function, the determination of an 
open loop frequency response which is the base of the closed 
loop stability calculation. 

One necessary condition is the introduction in the result of 
some appropriate values of the physical parameters of the 
considered system, such as in the domain of heat exchange 
between fluid and wall, of the steady state so-called ‘film’ trans¬ 
mission coefficient. 

It might be useful to examine, in a simple case, the importance 
of the exact knowledge of these factors and the possible error 
made when these are neglected. Eventually, one would be able 
to appreciate the danger in predicting the transient behaviour 
of systems with more complicated forms (for example, of 
multitubular heat exchangers, with numerous passes in the tube 
and envelope sides) starting from a mathematical model, if it is 
necessary to introduce in this model some physical values 
known with an insufficient degree of precision. 

In such a case, the return to the direct experimental methods 
will be important; here two techniques are available: 

(a) The frequency response method introduces into the 
system a disturbance of a sinusoidal character, of constant and 
limited amplitude, and, in addition, of determined frequency; 
the attenuation and the phase shift of the resulting output, is 
then analysed for each frequency. A complete frequency 
response study necessitates the analysis to be carried out in a 
range of frequencies extending to the strict minimum between 
1 and 10^, around a characteristic frequency. 

(b) The step response method introduces into the system a 
sudden and lasting disturbance of the factor to be analysed of 
an equally limited amplitude, and studies the corresponding 
responses of the controlled variable; it can appear to take less 
time to obtain, provided that the necessary information might 
bfe gathered concerning the stability of the system, that is con¬ 
cerning the frequency response. 

It is difficult to apply the mathematical transition from the 
step response to the frequency response method; numerous 
approximate methods have already been proposed and applied. 

One of the purposes of this work is to examine the applica¬ 
tion of one of these methods—called the Teasdale method—to 
the two given problems. 

Study of a Heat Exchange Process 

This method uses a heat exchanger with concentric tubes 
and is restricted to the study of the dynauGuics of exchange 
between the fluid circulating in the inner tube and the inter¬ 
mediate partition, the latter being thermally isolated; in fact, 
the annular space of outer partition is filled with stagnant air. 

The outflow temperature of the inside fluid, in this case, may 
be subjected to two disturbing effects: variation of the rate of 
flow of the fluid, or variation of its temperature as the entry into 
the exchanger. At the stage of study described here, only the 
s^nd of these causes is considered, because this effectively 
does not introduce any non-linearity. 


Description of the Plant and of the Experimental Method Used 

The assembly used is shown in Figure L The inner tube of 
the exchanger is of steel (inside diameter 27-5 mm, outside 
diameter 33-8 mm). The outer tube has an inside diameter 
of 40 mm. 

The total length of the tube is 4 m; for the experimental 
study it is divided, by five proportional plates, into four sections 
of 0*5 m; the element 1-5 in this study is thus 2 m long. It is 
preceded and followed by a section that is not needed for the 
measurement and which allows the setting up of a system of 
hydrodynamical and thermal flow*. 

In each plate (labelled 0, 1, 2, 3, 4, 5 in Figure 1) the tem¬ 
perature of the fluid and of the w^ls is measured—the latter 
by means of a thermocouple. The temperature of the fluid is 
determined: (1) by means of a thermometer giving in the steady 
state a value close to the temperature of the fluid mixture, 
(2) by means of a thermocouple of low thermal inertia, centrally 
located in the tube so as to give an exact (maximum) temperature 
value. 

Tank at 

constant——-zr.- 
level -J 


(1) General circuit (fluid at fo*C) 

(2) Circuit of reheated fluid, either 



Figure L General layout of the plant 


The interesting point about the first method of measurement 
is that it allows, in a preliminary study of the steady-state 
exchange, a check of the exact exchange law, valid for the 
chosen outlay of the system and for the physical properties 
of the fluid. 

The particular form obtained from the classical relation 
Nu = C.Re’^.Pr” is the following: ; 

Nu = 0*0305 Re®‘®.Pr®‘®®t J it gives a value of the coefficient« 
(static), defined by introducing into the given relation the values 
of the physical properties of the fluid calculated at the average 
temperature of the film tf = (r^, + ^m)/2, tj, and tu being the 
temperatures of the wall and the fluid measured. 

Theoretical Study 

Before applying the results of the last section to the con¬ 
sidered example, we recall the established hypotheses and the 
main points of a solution which was given for the first time by 
Professor Dr. P. Profos, and which became a classical example. 

The outflow of the fluid can bei considered as unidirectional. 
Only one space variable is considered—^the abscissa x, directed 

* A reserve must be made: in the step study it will be necessary to 
use the elements 0-3. 

t Certain effects (artificial promotion of turbulence, etc.) explain 
why values are slightly higher than the classical ones. 


276 






experimental study of the dynamic behaviour of a heat exchanger and of a mixing process 


along the outflow axis of the fluid. The turbulence of the latter 
is, on the other hand, assumed to be perfect and the speed as 
well as the temperature are uniform in every plane perpendicular 
to the outflow axis. The natural convection in the fluid, and the 
thermal transmission in the outflow direction, within the fluid 
as well as in the walls, are negligible. The specific heats and the 
specific gravities of the fluid and of the walls are constant 
within the considered range of temperatures; the fluid-wall 
transfer coefficient is represented by an average value valid 
over the whole surface to which it is related. Finally, in a 
transverse cross section, the temperature of the walls is assumed 
to be uniform (radial transmission infinitely large). Proceeding 
from hypotheses, and using the notations listed in Figure 2, 
for representing the thermal equilibrium of an element of the 
fluid in time dr, one arrives at: 


00, 00^ 4a . 


(1) 


In the same way, the thermal equilibrium of the element of 
the corresponding wall is given by: 


It can be observed that, taking into account the above hypotheses, 
two constants appear, characterizing the fluid-wall exchange, 
and related, respectively, to the dynamic behaviour of the fluid 
and of the wall. These are: 

4 a 


From the two equations obtained with partial derivatives, 
a single differential equation describing the phenomenon could 
be deducted 


0^0 

0F 


00^0 

00f 


HKi+K2)-^+vK2^^-0 


(3) 


This second-order partial derivative equation is linear under the 
assumption that oc is constant within the range of variation of 0 
and equal to its average value on the exchange surface. 

In order to solve it, one can use the classical methods of 


\ \ 'v 


A, 


e.c.y 








, . . (ycsv 

Key 

Inner fluid •• temperature, 0*C 
Velocity v, m/sec 
Calorific capacity c, kcal/kg C 
Specific gravity, y kg/m^ 

Partition : the same figures affiled by the p 
index and section 

Figure 2. Thermal balance of one element of the exchanger 



Figure 3. Theoretical frequency response characteristics of gain and 
phase in the heat exchanger (Elements 1-5) 


Dr. Profos, or attempt to utilize the properties of the Laplace 
transform. In the latter case, the relation between the tempera¬ 
ture of the fluid at any place in the tube and the temperature at 
the entrance can be expressed as a transfer function. 


where 


F(s)= 


0(x,s) 

0(0,5) 


=e 


^Ax 



+{Ki+K^s 

vis+K2) 


The final solution of the partial derivative equation will 
depaid upon the initial conditions imposed on the problem. 
Campbell worked on the case of the step response and showed 
that it took the form of a series of Bessel functions. 

By limiting oneself to the frequency response, the result is 
more direct—r is replaced by;w in the solution and it follows: 


where 


®^^li£^=e”"*‘(cosbx-jsin bx) 

0(0, jm) 

Ki(0^ ^1^2 

^~viK2+o^ ® \Xf+^ 



From it, it is possible to find the elements of the frequen^ 
response 


gam=^=Ve-^"(cos^ bl+m^ br)^c-^ 


phase delay — arc tg (— tgbl)^ 
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The calculations have been carried out for the following 
conditions 4001/h from which V = 0‘188 m/sec = 676m/h; 

the average temperature of the inside water is IS^C (± 1*5°C)! 

a=0-0305-^ ^(yc^y/3^gS0kcal/m^h°C 

JJ V 



The results obtained by varying the disturbance frequency 
between 5 and 250 c/h are shown in Figure 3, 

Experimental Study 

Method Applied—Th& object is to determine, in the tem¬ 
perature of the inner fltiid, some disturbances which are shaip 
or which vary with the time in a sinusoidal manner. Two very 
simple but effective methods are applied and these are shown 
diagrammatically in Figure 4. 

(a) Application of a Sudden Temperature Variation. Two 
toee-way valves are placed in the immediate vicinity of the 
inner tube entrance and allow either a feed with cold water 
(VQ or a feed with the water temperature increased to 
(to + 2 to 4®Q according to the rate of flow. The "step’ is 
actually negative, going from (to + At) to to. 

Some special pr^utions must be taken in order to maintain 
equal rates of flow in the exchanger, before and after the "step’. 

(b) Application of the Sinusoidal Variation. The water 
passes into a heating circuit in contact with a resistance of very 
weak thermal inertia, whose heating power is controlled by a 


variable autotransformer; the output voltage varies in such 
a way that the quantity of heat released by the resistance 
(V^/R) varies sinusoidally. As shown in Figure 4 a grooved 
pulley spins with the shaft of the autotransformer; on this pulley 
is wound a cable which is fixed to the end 5 of a lever AB turning 
around a fixed point A . The point C of the arm of the lever rests 
on the cam D (of specially studied profile) the rotation of which 
mdacGs the arm of the lever AB to oscillate. The continuous 
rotation of the cam is assured by a shunt motor whose rev/min is 
a function of the field current, but constant whatever the 
couple. 

A spring fixed on the pulley maintains a constant tension of 
the cable and assures the contact of the pivot C with the cam. 
Tim system easily enables some perturbation frequencies 
going from 20 to 180 c/h. The recording of exchanger input and 
output temperatures is made by a quick recording unit com¬ 
prising a Hewlett-Packard microvoltmeter (type 425A) and 
a Texas recorder. 



Figure 5. Principle of the Teasdale method 




Figure 4, Practical realitation of the enforced temperature variation! 
(a) step input signal; (b) sinusoidal input signal 


Transformation of the Step Response into Frequency Response — 
In our particular case, it appeared useful to check the experimen¬ 
tal frequency response, owing to the narrow frequency band 
used. On the other hand, our purpose was to compare with the 
theoretical frequency response both the transformed step 
response and the experimental frequency response. 

We follow an approximate method of passing from the step 
response to the frequency characteristics, which was indicated 
by Nixon^ and Oppelt^. Teasdale described it more clearly, 
however, in a graphical form®; CaldwelP simplified its numerical 
application by means of tables, which make calculations easier. 

As Oppelt shows very clearly, the method is based on the 
principle that the time response h (t) given by the step response 
method results from the summation of output values of isolated 
elements connected in parallel, each having a given amplification 
factor (AAi), and delays increasing with respect to the time 
origin A//2, 3 Ar/2, 5A//2, etc. (At being suitably chosen). 

If a sinusoidal disturbance of a given frequency is imposed 
on this system, each element will give, as an output signal, an 
oscillation of amplitude equal to the height of the step (Ah-^ - 
— Ah 2 ,.,) and with a phase shift of - coT^ where = (A//2, 
2Ar/2,...). Teasdale adds geometrically the vectors which 
represent these oscillations in a polar diagram. Caldwell calcu¬ 
lates the components of the vectors and adds them. The elements 
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Step in @ Response in ® Response in ® Response in® 


® Referehce plan 
(cf. Figure 1) 



Time scale; 0-394 sec/mm 

Figure 6. Experimental analysis step response {example') 


justifying the method mathematically* can be found in the 
work of Teasdale^. We will only mention the hypotheses which 
must be satisfied in order to allow this justification: 

The system must be linear; be at rest before the ‘step’ input; 
tend towards a new finite equilibrium value for oo; and be 
characterized by a transfer function with a denominator of an 
order at least equal to that of the numerator. 

The Experimental Results—{a) Experimental Step-response 
Analysis. Figure 6 shows the experimental step response obtained 
from the plants of measurement labelled 0, 1, 3, 5 {Figure T) 
following a temperature step signal of about 1 ' 6 °C 5 determined 
at 10 cm above point 0 in the imer fluid, for a rate of flow of 
the latter equal to 4001/h; the average temperature of the tran¬ 
sient state was 13®C 

{b) Experimental Frequency Response. Figure 7 gives, as an 
example, for the same conditions of rate of flow and average 
temperature, the results obtained for a determined frequency 
of the disturbance. 

One can compare the recorded oscillations in amplitude and 
in phase; the calibration curve jUV — ®C being nearly linear 
in the domain of the considered variation (AF= 5 to SO fiY 
corresponding to 0-1175-M75®Q. In the following, the average 
amplitudes of the sinusoids are named, respectively: 
Ai^andAiK 

One deduces directly from them the correspondmg gains: 
Goetc. 

The phase shifts can be measured directly: that is, 9^35 

and by the summation 9^16 = JPia + 9^36- 

Table 1 regroups the results obtained for the disturbance 
frequencies 40, 103*5, 123 and 157 c/h. 


♦ This demonstrates that the transfer function of the G{s) system 
is, in the case of a sinusoidal disturbance at the input, following the 
stipulated hypothesis: 

Gaa)) = /o^e->^d[A(0] 

where h{t) is the temporal response of the system following a step 
disturbance. The approximation made returns to the numerical inte¬ 
gration 

O{j(o) * A h{til {coscoti - ismcot^ 


Table I {a) Gain 


c/h 


9il/h 

A^ 

<?03 

Gi5 


157 


403 

36*32 

29*5 

25*4 

21*38 

0*699 

0*725 


123 


395 

49*6 

40*91 

34*38 

28*75 

0*694 

0*704 


103*5 


402 

59*6 

49*9 

42*4 

37*26 

0*712 

0*746 


40 

400 

88*7 

73*5 

0*829 


38*2 

400 

104*5 

85*8 

0*821 


{b) Phase shift 


VosC) 

158-9 

122-4 

90*15 

— 

— 

9>I5C) 

159-4 

137-1 

117*45 

— 

— 


Use and Interpretation of the Experimental Results 

The Theoretical and Experimental Frequency Response^ 
Figure 8 shows the theoretical frequency response of the section 
of the exchanger between the measure>ment planes 1 md 5, for 
the disturbance frequencies from 10 to 250 c/h, and indicates, 
in addition, the transformation of the experimental results to 
the Bode diagram. 

The frequency response obtained has a well-known character¬ 
istic course and shows, amongst other things, the appearance 



1 Reference plan (Rgurel) 

Temperature scale: 0-75 10^ ®C/mm 
Time scale: 0*6 sec/mm 

Disturbance frequency: 115 c/h 
Figure 7. Example of frequency response determination 
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ojc/h 

Figures. Frequency response—comparison of the direct and experU 
mental frequency response methods 

of a minimum gain limited to large frequencies and the high 
sensitivity of such a system to the temperature disturbances 
of the heated fluid. 

The object being to compare the theoretical frequency 
r^ponse and the direct experimental results, the latter are 
likewise transferred to the same diagram*. The deviations are 
small, especially for <p\ they are not very important for G, 
increasing slightly with the frequency, and attain a maximum 
around 8 per cent in relative value. 

It is interesting to compare these r^ults with those which would 
be given by a theoretical, analysis in which an erroneous transfer 
coefficient would be introduced. It is not unusual in the industrial 
exchangers to verify deviations from the theory or from the 
predicted calculation by 50 per cent (eventually 100 percent®) 
for the coefficients of fluid friction as well as of thermal transfer. 
As ah example, we have chosen a deviation of ± 50 per cent 
with regard to the static measured value. 

It can be observed that in the region of the critical frequency 
(corresponding to 9 ? = 180"^), the resulting deviations in the 
calculations of gain reach and exceed 20 per cent (Figure 8). 

The Harmonic Response Obtained from the Step-response 
Study and the Direct Frequency Response—By means of the 
described method, and starting with the results given in Figure 5, 
the corresponding values of gain and phase shift are determined 
for different frequencies. The study was made on section 0-3 
of the exchanger; it is in fact essential to consider as reference 
value for the step of temperature, the value obtained in the 
section nearest to the origin of the disturbance—that is to say, 
the plane Of* 

* The definitive text will fixrther illustrate this subject, 
t This peciffiarity will make difficult any direct comparison with 
the results obtained in subsection (a). 


Results 



The results show a good correspondence for the phase shift; 
it can be seen that the deviations of the gain do not reach 
10 per cent and, in addition, seem to be independent of the 
chosen frequency. 

It should be noticed that the analysis should be referred to 
the 0-3 section of the exchanger situated in the direct proximity 
of the feed. The comparison between the experimental frequenpy- 
response results and the experimental step-response results 
certainly remains possible; nevertheless, a probable change of 
the film-coefficient value with regard to the steady state is to 
be feared: area of establishment of the outflow state, secondary 
effects provoked by the ‘step’ in the proximity of feed. It results 
from this that all direct comparison—theoretical frequency 
response method (based on a static value of oc) and modified 
step-response method—^is difficult. 

First Conclusions 

The theoretical and experimental study of a small inertia 
thermal system (r of the equivalent system several seconds) 
of well-known shape and permanent behaviour, shows that: 



5 10 20 40 60 80100 200 

cuc/h 


Figure 9, Comparison: harmonic response obtained by means of ex¬ 
perimental step response and by means of direct frequency response 
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(1) The experimental methods (step and frequency response) 
can give in this case* a ± 10 per cent precision for the values of 
gain and of phase, useful for the stability determination. 

(2) Their application is of moderate difficulty, independent 
of Ae nature of the studied system. 

(3) The use of a mathematical model and the introduction 
into it of insufficiently precise physical parameters must lead, 
for a more complicated physical (exchange) system, to a larger 
imprecision than that resulting from the application of the 
experimental methods. 

Study of a Mixing Process 

The physical system studied is a reactor (tank and stirring 
equipment), in which chemical reagents are mixed. 

The purpose of the work is to study the dynamical behaviour 
of the considered reactor from the exclusive angle of kinetic 
theory, therefore the chemical reaction is avoided and the 
operation consists in the mixing of two aqueous solutions. 

The structure of the reactor is fixed, therefore the time of 
the mean stay of the products in the reactor (total flow rate), 
and the speed of rotation of the mixer, may be varied. A pre¬ 
liminary study will analyse the influence of these variations and 

* To be confirmed by the study, which should be continued. 


will allow to be found the form of the equivalent system which 
can be considered as an approximate description of the real 
system in its transient behaviour. 

The study of the dynamic behaviour will examine the 
consequence of disturbances occurring in the composition of the 
reactor feed; in fact, the latter being supplied from one side by 
water and from the other by a concentrated solution of potas¬ 
sium bromide (33 per cent by weight), the composition will 
undergo some variations (either step or sinusoidally periodical) 
as a consequence of corresponding modifications imposed on the 
rate of flow of KBr, the total rate of flow remaining constant. 
The measures of concentration in BCBr will have to be made 
continuously by means of a potentiometer, the detection being 
made at the outlet of the reactor. 

Brief Description of the Plant 

Figure 10 gives a general diagram of the plant and of certmn 
details of the experimental application; detection by the potentio¬ 
meter at the outlet of the reactor, and production of sinusoidal 

disturbances. , 

Figure 10 also shows the reactor (R), equipped with baffle 
plates, the thermostatic temperature control of the latter (tank 
and heating), the mixer (A), the concentric feed (F) of the 
products (water and KBr), the flowmeter (diaphragm system 
for water M^), rotameter (M^ for the KBr solution, the whole 
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allowing the continuous outlet and the final measurement of the 
total rate of flow through the reactor (S). 

The detail of the detector (Z>) is likewise given, the measure¬ 
ment and potentiometric recording are made as in the first 
section (by a Hewlett-Packard microvoltmeter and a Texas high¬ 
speed recorder); these are not shown. 

Preliminary Study 

It was possible to define the nature of the mixing process 
by means of trials of the step response (in composition) carried 
out under variable conditions of total rate of flow to the reactor 
and of mixing speed. 

Certain results, which are already well known, have been 
found again. From this analysis the studied system can be 
identified as an equivalent system resulting from placing in 
series a lag with dead time, and a transmission lag whose order 
will depend principally upon the mixing. 

The obtained results show that in all the cases of mixing 
considered (130-1,100 rev/min), it is possible for the system to 
be represented as a first order system (preceded by a dead-time 
element). When the mixing is nil the order of the system rises 
and the system may be considered as of second order. 

Figure 11 shows two results corresponding to extreme 
mixing conditions—^nil on the one hand and strong on the other 
(1,100 rev/min). The given conclusions can be distinctly seen. 

Experimental Study 

Technique Employed—‘A sudden change in composition is 
obtained in the reactor by operating a valve mounted in the feed 
circuit of a concentrated KBr solution; all the other working 
conditions (water flow, speed of mixer, temperature of the 
thermostatic bath) being maintained constant. 

The record gives the continuous variation!? — f(t) expressing 
the variation of the electrode potential (in mV) as a function 
of time. According to Nernst’s law, one can deduce the variation 
of the concentration x, expressed in equivalent g/1^. 

The realizatibn of the sinusoidal input signal (composition) 
is based on the works of Turner®; his principle consists of 
varying sinusoidally the concentration of a constant flow of the 
solution, obtained from two feeds put in parallel and whose 
charges vary in a sinusoidal manner, one being shifted (by 180®) 
in relation to the other. 

The arrangement is shown diagramatically in Figure 10, It 
replaces the KBr feed used for the preliminary study and the 
step-response study. In practice, the amplitude of the input 
signal (concentration) thus obtained is 3-6 mV. 

Experimental Results —^The described experimental methods 
have allowed us to obtain the direct step and frequency responses 
of the system. Moreover, the above-mentioned Teasdale method 
has allowed to pass from one to the other. On the other hand, 
the preluninary study of the step response had allowed the 
calculation of the parameters characterizing the equivalent 
system, whose transfer function had been reduced to Fis) = 
« e-M(l + Ts), 

The results of the experimental step-response study are first 
of all graphic; they will not be reproduced, with the exception 
of examples given above. 

♦ In the chosen working conditions one obtains £'(mV) = 0*1718 
-f 0*0569 logx. 


The frequency response method has been applied under the 
following conditions: 

Total rate of flow: Q = 0*555 l/min 
Mixing: 900 rev/min. 

There are the corresponding dynamic characteristics of the 
equivalent system: 

r, time constant ^ 9*4 min, dead time ^ 4 sec. An 
example of the results is given in Figure 12, 



Figure 11, The influence of stirring {example of the experimental step 

response) 



Figure 12, Example of experimental frequency response: (u) potential 
of input electrode; {b) potential of output electrode 
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The series of trials has furnished the following results, 
translated as before into gain and phase shift. 

Table 2 


10-9 

13-4 

16 

27-7 

44 

51 

80 

0-135 

0-097 

0-0847 

0-0534 

0-032 

0-0278 

0-0168 

93 

89 

96 

102 

104-5 

110 

114 


c/h 

91-1 

102-5 

111 

165 

180 

213 


G 

0-0146 

0-0132 

0-0124 

0-081 

0-074 

0-065 


r 

119 

131 

134 

— 

— 

— 



Use of the Results 

Figure 13 shows a comparison of the results with the Bode 
diagram. It will be seen that: 

(1) The calculated response (in gain and phase) of a system 
equivalent to the one studied and whose transfer function will 
be Fis) = e"-^»«V(l + Ts); and T having values calculated 
starting from the experimental step response. 

(2) The results of the experimental frequency response method. 

(3) The values obtained by transforming the results of the 
step-response study by means of the Teasdale method. 

First Conclusions 

The experimental study of a mixing process with very large 
inertia {T of the equivalent system ^ 9-10 min) and of simple 
shape allows one to state that the experimental frequency 
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Figure 13, Experimental results from tfie study of the dynamk behaviour 
of the mixing process 


response technique and the step response method translated 
approximately into harmonic response, give results similar 
within a minimum accuracy of 15-20 per cent. 

Conclusions 

(1) The study of two physical systems, having a certain 
analogy between them, as they can be represented by an equiva¬ 
lent system composed of a dead time element and of a first-order 
lag element, but strongly different as far as the numerical values 
of the criteria defining their degree of inertia, can be made 
experimentally using the two methods (step and frequency 
response) with a sufficient degree of precision for ultimate 
stability calculations. 

(2) The direct frequency response method is sure; it cor¬ 
responds to a well-defined periodic forcing function. However, 
it can be long and above all difficult to realize in the domain of 
low or high frequencies. 

The step response method is quick but is not directly 
adaptable to the stability calculations; Teasdale’s method used 
for a deduction of an approximate harmonic response gives us 
some satisfactory results. 

(3) The combination of the two techniques is interesting 
{Figure 13), 

(4) The consistent ignorance of certain essential physical 
factors (the total heat-transfer coefficient of an exchanger, for 
example) will lead, in a theoretical study on mathematical 
models, to serious errors. 

Further Work 

A summary of the first results obtained by a compleinentary 
study undertaken since the publication of the preprint is now 
presented. 

The experimental study of the dynamics of two physical real 
systems described before and the comparison of the results ob¬ 
tained with those deduced from the analysis of a theoretical 
model has been completed by the introduction of the ‘pulse 
method’, extensively applied in the U.S.A. since 1953 under the 
guidance of J. O. Hougen. 

Frequency-response data obtained from the pulse testing do 
appear to be in good agreement with those resulting from either, 
a direct sinusoidal forcing or a theoretical calculation applied to 
the mathematical model of these very simple systems. 

Dynamics of a Double-Tube Heat Exchanger 

In the preceding part of the study, the dynamic behaviour 
of the system was investigated in a very simple case: flow of hot 
fluid in the inner tube, and stagnant fluid at constant temperature 
in the annular space between tubes. 

We are now extending the frequency analysis to a much more 
actual set of experimental conditions: both liquids are flowing, 
the one (inner tube) has its temperature disturbed and the other 
(annular space) is kept at constant temperature at the entry of 
the heat exchanger. 

Instead of a simple differential equation, we get a set of three 
partial derivative equations, describing the dynamic behaviour 
of respectively: 

{a) the temperature of the disturbed fluid (inner tube); 

(b) the temperature of the wall between both fluids; 

(c) the temperature of the fluid flowing in the annular space. 
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The final solution leads to the following equation: 


0i 

9i(o,s) 


n—m 




m, w, being roots of a 2nd order equation: 

p^+2BiP+C\ 

The coefficients A^, Bi, Cj are functions of the physical para- 
meters involved in the transfer phenomena (velocity of flow, 
heat transfer coefficient, various time constants involved, etc.). 

The numerical solution of this equation may be found for 
some given flow conditions and may be compared with an ex¬ 
perimental frequency response obtained in the same conditions, 
either directly or by means of a pulse test. 

The results of the frequency response are given on Bode plots 
for two sets of conditions in Figure 14 and 75. An example of 
actual records obtained with the pulse testing is given in Figure 16. 



Dynamic Behaviour of Mixing in a Stirred Vessel 

Research is here still in progress but both pulse and impulse 
testing have been applied; the last method is well adapted to a 
mixing process: the influent stream is disturbed by a sudden 
injection of a tracing agent and records are taken of concentra¬ 
tions in both inlet and outlet streams by the potentiometric 
method described previously. 

The first result indicates the following tendencies: 

(1) The pulse method gives accurate data in both amplitude 
and phase to a frequency of 1 rad/min; above this limit, approxi¬ 
mations in the computation of the Fourier integrals introduces 
discrepancies in the results and, particularly, in the phase data. 
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Figure 16. An example of the pulse method applied to the heat exchanger conditions: 600 l/h 
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(2) The impulse method is less accurate, as it was expected 
from the difficulty of obtaining experimentally a signal compa¬ 
rable to a Dirac function in the inlet stream; however (and this 
fact needs a more extended investigation) the impulse results do 
conform to expectation, within the limits of their relative pre¬ 
cision, even at the high frequencies, 1 rad/min and more. 

Results of both methods are compared in Figures 17 and 18. 



General Conclusions of the Results Obtained* 

The experimental and theoretical study of two very simple 
real systems leads to the following conclusion; 

(1) In these particular cases, the theoretical model may be 
used to predict the dynamic behaviour of the two systems, but 
a condition is required: the knowledge of the physical P^' 
meters and especially in the case of the heat exchanger of me 
actual value of the convection heat tra.nsfer coefficient (a, 

kcal/m®h®Q. , 

(2) Three experimental methods give somewhatrelatedresults. 
A distinction must be made here between the two physical 
systems used fCr testing. 

* In September 1963. Work is still in progress. 


(a) Double-tube heat exchanger 

(f) The step forcing with further transformation by an ap¬ 
proximate method gives fair results when compared with the 
theoretical model, in the first case of a single flow in an isolated 
side-capacity. 

(«) In this first case, the direct frequency method gives results 
very close to those of the model; with a conventional double¬ 
tube exchanger, the experimental and theoretical results agree 
less, espe eially with high frequencies and small flows, but are 
sufficiently close for practical purposes. 

(Jit) The pulse method seems somewhat better than the two 
others, when compared with the theoretical model which is as¬ 
sumed to be the most reUable, after introduction of physical 
parameters deduced from the study of the statics of the system. 

(b) Mixing process 

Here, the step method with subsequent transformation and 
direct frequency response are very closely relat^ to the theoreti¬ 
cal curve of an equivalent system, up to the hipest frequencies 
used: 100 c/h. The pulse testing does appear to be very accurate 
up to 10 c/h, and very sensitive to disturbing factors above this 
limit. The impulse method works fairly well but is influenced by 
the amplitude of the input 

(3) The application of these experimental methods to more 
complicated physical systems, such as industrial heat exchangers 
or mixing vessels, is fully justified; the choice between them is a 
question of application conditions; flie conjunction of these 
methods may be very valuable. 

The above paper has been based on results obtained at the 
Laboratory of Chemical Engineering of the University of LUge; 
two graduate works have recently been, devoted to this subject, 
and we thank their authors, MM. Fontaine andMissaire, Lefbbure 
and Lognardfor their very active collaboration. 

The help of MM. Boudin and Diez, students in engineering, 
has been appreciated during the academic year 1962-1963. Two 
students in chemical engineering, MM. Marechal and Slets, have 
devoted their final work to this problem and the author was 
pleased to have their collaboration. 
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DISCUSSION 


S. J.Ball, U,S. Atomic Energy Commission^ Oak Ridge National 

Laboratory^ Tennessee^ U.S.A. 

Delvaux s objective is a commendable one. Good experimental infor- 
^tion about the validity of mathematical models of process dynamics 
is very useful and quite rare. In studies of this type, however, it is very 
import^t for the experimental methods to be sufficiently accurate so 
that it is the accuracy of the model, and not of the experimental pro¬ 
cedures, that is determined. 

It appears that neither of the examples of experimental techniques 
used by the author is accurate enough to make judgments about the 




Figure A, Comparison of theoretical and experimental frequency 
response of pipe (section 1^5) 


model’s accuracy. In the direct frequency-response test data of Figure 
7 for example, there is a large amount of harmonic distortion and 
me^urement noise. In some cases, the period of the positive half of 
the ‘sine wave’ is more than 20 per cent longer than that of the nega¬ 
tive half. For this particular example, where the mayimn yir^ ‘theo¬ 
retical’ change in magnitude ratio is only about 30 per cent, the data 
does not appear to be adequate. 

The author’s discussion of converting transient response data to 
frequency response plots neglects the important fact that the accuracy 
of the method is very sensitive to the size of the sampling period and 
to the mount of truncation^. Also, it has been found that for step- 
response tests, Samulon’s method^ is more accurate than that of 
Teasdale, as used by the author. 

There appears to be an error in the calculation of theoretical fre¬ 
quency response for water flow in the insulated pipe. Using the author’s 


values of 

iCi^lSSh-S K^^lVlbr^, F=676m/h, and Z=2m 

the gain characteristics of Figure 3 should be shifted to the left roughly 
a factor of 2 n (i.e. the frequency scale should be relabelled rad/h 
rather than c/h). Independent calculations of j^i and by myself, 
however, gave values of 112 h-^ and 227 h“i, respectively. The cor¬ 
responding gain curve agrees with the author’s curve (Egure 3) to 
within ± 5 per cent. 

A transformation from step response to frequency response using 
Samiflon’s method was made for the author’s data in Figure 6; com¬ 
putations were made by a digital computer programme. A sampling 
interval of 0*394 sec was used and the truncation was negligible. A 
comparison of the results with my theoretical curve is shown in 
Figure A, in which the gain curves show close agreement. The high 
values of phase shift for the theoretical curve may be due in part to 
the error in the assumption of no axial mixing in the field. The Rey¬ 
nolds number for this system was only about 4,000, i.e. the flow was 
barely turbulent. One could .expect that the ‘plug-fiow* assumption 
would be more accurate for more fully developed turbulent flow, which 
would be present in most engineering applications. 

In conclusion, I feel that Delvaux has not sufficiently supported 
his conclusion that the theoretical model is inadequate. 

References 

^ Dreifke, G. E. and Hougen, J. O. Experimental determination of 
system dynamics by pulse methods, 1963 Joint Automatic Control 
Conferences Preprints, 608 

^ Bradford, C. E. and Demerit, M. W. Relation between transient 
and frequency response. Handbook of Automation, Computation & 
Control, 1958. Vol. I, pp. 22-48, edited by E. M. Grabbe, S. Ramo 
and D. E. Woolridge, New York; Wiley 


J. Castr6n, Ekono, Association for Power and Fuel Economy, Etala 

Esplanadikatu 14, Helsinki, Finland 

^e there any special reasons for not using other deterministic signals 
in the investigation of the problems presented? If so, what are they? 

In the study of industrial processes the impulse response method 
seemingly has some advantages, especially in mixing problems where 
one could use tracer methods. In this case no complicated devices are 
needed to produce the input pulse. If the transfer function of the proc¬ 
ess is approximated with a time delay and a first-order lag element 
these can be calculated easily from the temporal moments of the input 
and output pulses. This method has been applied in Finland to mixing 
problems where radioactive tracers have been used. 

B. Junker, Sauter Ag,, Basle, Switzerland 

With reference to the first , problem considered in this paper, there 
exists a set of calculated step-response functions, published in Die 
Regelung von Dampfanlagen by Profos. Comparing Egure 6 of this 
paper with Figure 7*40 of that book, I feel that the five reference plans 
(figure T) give only sniall variations of parameters and therefore the 
results cover only a small part of possible dynamic characteristics of 
this type of plant. It* might be interesting to carry out the tests for 
higher (and from a heat exchange engineer’s point of view more practi¬ 
cal) values of Hb (Frofos’ notation). 
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J. Grauvogel, Electricite de France, 12 Place des Etats^Unis, Paris 16^, 

France 

Delvaux’s paper is very interesting in that it shows the comparative 
merits of experimental and theoretical studies in the analysis of rela¬ 
tively simple systems. 

Are the results applicable to the study of more complex systems 
which are difficult to analyse theoretically because they contain para¬ 
meters which are not well defined or which change with time? I am 
thinking in particular of multi-tube, contra-flow heat exchangers which 
become progressively dirty. 

Has the author considered other methods for determining the 
transfer function of a system, for example from the step response. The 
method of Vladimir Strejc, for example, reduces a system with many 
time constants to one with a single time constant T of order n, to¬ 
gether with a pure delay t, and determines T, n and r from the slope 
of the response to a step function. 

P. K. M’Pherson, U,K,A.EA,, C. and L Division, Atomic Energy 

Establishment, Winfrith, Dorset, England 

Both frequency response and step response methods have disadva.n- 
tages in relation to the dynamic testing of heat exchangers. Industrial 
type heat exchangers have long response times, so that ‘single-fre¬ 
quency’ frequency-response testing will take a long time. ‘Multi¬ 
frequency’ testing, of course, overcomes this difficulty. The plant has 
to be disturbed with a sinusoidal wave which requires careful engineer¬ 
ing. The dynamics of heat exchangers are dominated by transportation 
lags which introduce considerable difficulties in the interpretation of 
the responses when deriving transfer functions. Step-response testing 
will provide data on the dominant poles of the heat exchanger dy¬ 
namics, but the fine detail of the faster dynamics will be lost. 

Multi-channel cross-correlation analysis is particularly suited to 
dynamic experiments with heat exchangers, or for any plant for that 
matter. I am referring here to ‘binary* cross-correlation analysis in 
particular, in which a periodic binary code is used to provide the plant 
disturbance. A class of such codes, known as ‘pseudo-random*, has 
the useful property that the autocorrelation function of the code is a 
pure Dirac-delta function within a defined bandwidth. This allows 
certain advantages to be derived from the technique! the transducer 
applying the disturbance need only be a simple on-off or two-state 
device; the binary input simplifies the resulting computation of the 
cross-correlation function permitting it to be done on-line with rela¬ 
tively simple logic, and this function will in fact be the plant’s impulse 
response function. This is easily recognized and can be displayed on a 
visual indicator. 

J. Zorn, Technological University, Delft, Netherlands 

It would be interesting to learn from Delvaux about the considerations 
which have led to the choice of Teasdale’s method for obtaining the 
frequency response from the step response. It might also be useful to 


have some additional information with respect to the interval width 
which has been used since this determines the accuracy of the results. 

It is well known that quite a number of methods have been pro¬ 
posed for evaluating Fourier transforms. It would have been interest¬ 
ing to apply some other methods and to compare the results with 
previous papers, e.g. those of Schneider^ and Huss and Doncgan®. 
Such an investigation would be a useful addition to a study performed 
by the present author which constitutes his doctoral dissertation pul> 
lished recently®. In this study the majority of the published appro»- 
mate Fourier transform methods are critically examined, the promis¬ 
ing ones being applied to a number of test systems (lumped parameter 
systems) and some signals. The study has led to the development of 
some improved methods. One of the major results was the following: 
it was found that for systems whose frequency response tends to a 
linear high-frequency asymptote (on a log-log scale), the well-known 
sampling theorem need not be satisfied in evaluating the frequency 
response from the transient response by a sampling method. It was 
shown that the errors caused by frequency folding can often be com¬ 
pensated for by means of multiplicative or additive correction func¬ 
tions. For the test systems the above method yielded frequency response 
values having a better accuracy than that reported by Delvaux. In 
addition, some computing techniques for speeding up the numerical 
evaluation of the unknown response have been presented. A review 
of the results will shortly be published in Automatical 

The application of the above method to the systems dealt vwth by 
Delvaux has not been studied by the author in detail. The application 
to the second system is straightforward provided the transport delay 
is eliminated® but the first system does not meet the conditions of the 
asymptotic behaviour indicated previously. It would be interesting to 
compare the results of the application to this system of those methods 
which proved most suitable for the systems considered by the present 
author. 

References 

^ Schneider, A. Regelungstechnik, 9 (1961), 277, 327 
® Huss, C.R. and Donegan, J. J. NA.CA, Techn. Note 370L 
Washington D.C. 1956 

® Zorn, J. Methods of evaluating Fourier transforms with appli¬ 
cations to control engineering. Dissertation. Delft, 1963 

H. Unbehauen, Institut fur Verfahrenstechnik und Dampfkesselwesen, 
Technische Hochschule Stuttgart, Gruppe Regelungstechnik 7, 
Stuttgart, Germany 

I wish to draw Delvaux’s attention to another method for determimng 
the frequency response from the step response which I think is more 
rapid and accurate than that of Teasdale and which has been used very 
successfully at our Institute. Within this method the experimentally 
determined transfer function f(t) is approximated by N linear seg¬ 
ments, with the same time interval A/ (Figure A). 
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f(t) 

0*99 




t99 


The frequency response F(m) is found by a graphical and analyti¬ 
cal method using the Fourier integral 

F(i<B)=icoJ^ Q~^f(t)dt=R(Q))+iI(co) (1) 

This equation leads to the representation of the frequency response 
by its real and imaginary parts: 

1 

^ (®)=^ I Z /j (sin -1 - 2 sin cof,+sin 1)+ 

+/jv (sin cot If sin 

where m=0,1,2... 

Z fi(COS(Ot,.i-2cOSQ}ti+COSCOt(+i 


+/jv (cos COtff^ 1 — cos COtff) 


>} 


( 2 ) 


(2a) 


The conclusion and the general conclusion of the paper may be 
ambiguous to anyone who does not read the whole text. So this has 
been modified. 

I thank Mr. Ball for his thorough analysis of the data furnished, 
but believe that he has been in doubt about certain results because of 
some errors. 

As a matter of fact, corrections have been made in the paper. The 
JC 2 value given of 71*2 h“^ was introduced by error; it corresponds to 
the inner tube not isolated, i.e. to a set of experimental conditions not 
related in the paper. The actual value which was used for the cal¬ 
culations and to which Figure 3 refers is 310 h’l; therefore, the 
curves of Figure 3 are correct. 

To make this point clearer, the detail of the calculation is given: 
Value of time constants: 


K 4x950 

^ ycD 1 .000 X1 X 0.0275 “ " 


-1 




oenD 

(ycS). 


950 XTTX 0-0275 


7.7 X 10^ X 0.114 X -^(33.8^ -27!?) 10"“ 


S 308 h 


-1 


where n = l,2,3... 

The upper limit of integration must also satisfy the condition 

iN ^ ^99 

The meaning of ^99 is shown in Figure B. 

In the case shown in Figure B (1) the last term of the equation vanishes. 
The method has the advantage that it is very suitable for solution 
using a digital computer, as the step response has only to be fed by 
pairs of values t and/(/). 

The accuracy can be improved by using larger values of N, How¬ 
ever, when N has smaller values (e.g, == 8) very good results are 

obtained by hand calculations with little effort. 

Reference 

Unbehauen, H. Bin graphisch-analytisches Rechenverfahren zur 
Bestimmung des Frequenzganges aus der Ubergangsfunktion. 
Erscheint voraussichtlich in Regelungstechnik, 10 (1963) 

L. Delvaux, in reply 

In regard to Mr. Ball’s comments, I must first state that I had never 
considered in my particular experiments that a theoretical model was 
not adequate. It may be that not enough stress has been laid on the 
fact that the main purpose was to test experimental procedures on 
simple physical systems where the comparison with the theory was 
possible and justified; therefore such a comparison required a good 
degree of confidence in the adequacy of the theoretical model. This 
was so, in the considered cases. 


Calculation of gain curve: 


KiCO 

(Ki+co^) 


and 



e 


-<?/ 


<0 (c/h) 

CO rad/h 

a>s 

a 

0-al 

5 

314 

988 

0*00207 

1 

15 

94-3 

8,890 

0-01726 

0*96605 

20 

125-6 

15,800 

0-0288 

0*944 

30 

188*6 

35,600 

0*0552 

0-8953 

40 

251*2 

63,100 

0*08075 

0*852 

60 

377*2 

142,000 

0*126 

0*777 

90 

565 

320,000 

0*157 

0*7303 

120 

754*2 

570,000 

0*1745 

0*7055 

150 

943 

889,000 

0*184 

0*692 

200 

1,256 

1,580,000 

0*1864 

0*685 


The author was not able to find how Mr. Ball was able to obtain 
= and 1^2 = 227 The corresponding curves agree 

effectively with the. experimental and theoretical curves of the author; 
this fact shows that an eventual error of 25 per cent on the physical 
parameters of the model is not yet too serious; it is partially due to 
the particular exponential form of the relation between G and jKi, 
and V. Finrthermore, it is not in opposition with the assertion of the 
author, according to which a possible error of 50 per cent on the value 
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of the physical parameters to be introduced in very complicate systems 
(for instance, multi-tube heat exchanger in use) such as those that 
Mr. Grauvogel introduced in his very interesting remarks, results (at 
the higher frequencies) in a corresponding error of 20 per cent in G 
and of the related stability calculation. 

The curves given in Figure 7 are, in my opinion, only an example 
and, as a matter of fact, this particular example was a bad one (with 
too small input amplitudes). It appears clearly that measurement noise 
does not affect seriously the sinusoidal curve. There is, however, some 
peculiarity in the shape of both signals (input and output) and it may 
be due to the particular realization of the temperature sinusoidal forc¬ 
ing. However, the author believes that in his experiments the most 
important requirements of a frequency-response testing were observed, 
namely: linear system, constant input frequency, no system transient 
present. 

Finally, I wish to point out that temperature profiles have shown 
me that longitudinal mixing may be neglected, in the interior flow, 
as a first approximation. As a matter of fact, the Reynolds number 
(actually low) is not the only criterion of the turbulence in a given 
flow: natural rugosity or presence of turbulence promoters (such as 
thermometers or thermocouple leads) may induce a higher turbulence, 
at least in the core of the flow, i.e. in 95 per cent of the section; this 
fact was indicated by the relatively high value obtained for the form 
factor c, in the general relation Nu = c • Re" * Pr"^. 

The question of comparison between methods of transformation 
from step to frequency response, will be treated further (i.e. in the 
reply to the remarks of Messrs. Grauvogel, Unbehauen and Zorn). 

I have expressed my indebtedness to Mr. Ball for the additional 
information he provided, by the use of Sanulon’s method on his data. 

In reply to Mr. Castr6n, I hope that the complementary text has 
already brought a partial answer to the question by giving some results 
about the use of pulse and impulse methods to the mixing process. 
Additional information will be reported later^, but I would like to 
have the opinion of Mr. Castr6n, as to the results of pulse and impulse 
methods for relatively high frequencies (above 1 rad/min). 

I fully agree with Mr. Junker that in my investigations I have only 
covered a small part of the possible dynamic characteristics of the heat 
exchanger used. The main purpose was the testing of experimental 
methods that may be applied more from a practical point of view 
when their use has been justified, in very simple cases, which are not 
too far from the theory. 

The question of the best method to use for transforming step re¬ 
sponse has been introduced by Messrs. Grauvogel, Zom and Un¬ 
behauen as well as by Mr. Ball. 


I have used Teasdale’s method as a very approximate method and 
as the first which I found at the beginning of my study to be of very 
practical use. However, I did try to avoid truncation errors (by re¬ 
specting the relation coA; ^ 1). 

So the sampling time was related to the investigated system: for 
the heat exchanger, I used generally Ar = 0-394 sec (that is, incidental¬ 
ly, the value used by Mr. Ball) since it corresponds to a length of 1 mm 
on the recording paper. At very low frequencies (co < 10 c/h), Ar was 
taken = 0-788 sec. 

In the study of the mixing process, where the time constant of the 
equivalent system was about 30 min, the sampling time was taken 
Ar = 1 min, and in each set of calculations, twelve frequencies were 
chosen, equally distributed above and below the critical frequency 
defined by l/T = 0*11 rad/min. 

I have also to indicate that in the first system (heat exchanger), 
a good definition of the dead-time has to be made: as a matter of fact, 
qf with q>' deduced from the Fourier transform and q>" = 

— 0)/, / being a real dead-time or transportation lag defined by 
1/vmax. Vmax. is here the actual velocity of the flow at the location of 
the temperature detector. As Vmax = 1-25 (according to some meas¬ 
urements and calculations), it may be that Mr. Ball has not taken 
this fact into consideration and has found higher q>" than those really 
occurring (see his graph. Figure A). 

Later 1 plan to compare the various methods suggested; namely 
those of Samulon, Strejc, Zom and Unbehauen, and to report the 
results*. I particularly appreciate the apparent simplicity of Unbe- 
hauen’s method. 

I agree with Mr. M’Pherson on the fact that pseudorandom dis¬ 
turbances may be used to find the dynamic behaviour of physical 
systems, but I have no experience about the use of such methods. 

Finally, I would like to express my appreciation to Mr. Grauvogel 
for having brought the problem to the fore. 

We investigate experimental methods of deducing frequency re¬ 
sponse to obtain an answer to those problems that must be solved 
(even when it is unlikely that a solution is possible), namely the dy¬ 
namic behaviour of real physical systems having a very complicated 
nature. 

I believe that theoretical and experimental methods have to be 
used in conjunction for the planning and designing of such units; the 
adaptation of controllers to progressively changing conditions (‘dirty 
heat exchangers*) will, however, require mainly the use of the experi¬ 
mental method. 

* Probably in the review of the Belgian branch of I.F. A.C. I.B.R. A. 
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Study of Industrial Production of Polyethylene 
under High Pressures, and of the Automatic Control of the Process 

B.V. VOLTER 


Summary 


m paper gives an account of the results of the study on a reactor for 
of ethylene, representing a medium of control, and 
a brief description of a system for its automatic control. The control 
equipment consists entirely of pneumatic components. 
anH representing a relationship between the reactor output 

“ proposed. The self-osch- 
T “ the operation of the reactor are in¬ 

vestigated, and a mathematical model of a selected part of the reactor 
IS proposed and anal 3 ^ed. 


jacket for the initial heating of the reactive mixture and for the 
removal of heat in the zone of reacUon. Gaseous ethylene at a 
j^ssure of 1,500 atm is continuously supplied to the reactor 
The process of polymerization takes place at a temperature of 
about 200 C. 

The Static Characteristics of the Process 


Sommaire 

^ ““ *^acteur destine k la polymerisation de 
I ethylene. eUe rend compte des resultats de I'etude entreprise en vue 
automatisation et donne une breve description du systeme pre- 
mSr"" entierement pL- 

y propose une fomule qui etabUt une relation entre la grandeur 
production du reacteur et les ^deuis representant 
«6inentsdu processus. On y etudie les conditions d’auto- 
osciUation de la marche du reacteur et on y propose, pour une partie 
ana^^**^*^**^* ™ module mathematique dont on esquisse I’etude 


Untersuchungeines Reaktors, der die 
Regelshecke ^teU^ zur Polymerisation von Athylen und gibt eine 
Regeleinrichtung. Die Regelgerdte stod ans- 

schlieBlich pneumatisch. 

Bine angeg^ne Gleidiung beschreibt den Zusammenhang zvri- 
KhM dem Reaktorausgang und den anderen TeUen der Regelstrecke 

auftretenden Eigenschwingungen 
4®^** Em mathematisches Modell flir ein ausgeSes 
Stttck des Reaktors wird voigeschlagen und analysiert. 


For the study of the static behaviour of the process the 
method of non-linear multiple correlation was usedi The 
relaUonship between the output of the reactor and the basic 
p^meters was represented in the form of a product of functions 
01 single parameters 

fi=/i (pyfi (0-/3 (Ozj-ACF) 

where ^(P) is the function of pressure, f^t) the function of 

function of oxygen concentration, and 
J 4 C tne function of gas supply to the reactor. 

Each one of these fimetions was represented in the form 
of a polynomial 

ft (^t)=hi +bxt -(- exf 

The results of periodic measurements of , output and of other 
pa^eters of the process were used as the initial data for the 
^culation. By the construction of the correlational fields and 
by deyelopmg the regression curves for each parameter, the 
^ffiaents of all functions/i(x:i) were determined. The general 
tormula for the output of the reactor has the form 

a=13 X 10"« (-211 -)-0-33 P-1.16 X lO"’^ P^) 

(f-112) (O 2 - 55) (V+ 587) kg/h 


Its verification on an industrial installation gave quite satis¬ 
factory results. 


The process of etly^lene polymerization under high pressure 
represente one of the chemical engineering processes which i 
most difiScult to control. Its characteristic features are higl 
pressure, frequent explosions, considerable variations in th( 
output of the reactor and quality of the product. The ordinar 
systems used for automatic stabilization of parameters do no 
^arantee normal progr«s of the reaction for this process 
Therefore, a satisfactory solution of the problem of automatii 
conteol of the process for industrial manufacture of pblyethylow 
can be solv^ only by the synthesis of a special syst«n of control 

the basis of data of experimoital an4 theoretical study oi 
the process. ^ 


The mvestigation of the process and the study of the auto¬ 
matic control systems were conducted on an experimental 
mdu^ial reactor, which consists of a tube (see Figure ^ 50 m 
ong having an internal diameter of 16 mm, with an outer water 


The Stability of the Polyetiqdeiie Polymerization Reaction 

. diflScul^y of controlling the process is aggravated by the 

risk of a reaction tal^g place which would result in the decom¬ 
position of etlQrlene into carbon, hydrogen and methane, whidi 
develops v^y rapidly and is accompanied by the liberation of 
lar^ quantities of heat. When the signs of the risk of decom¬ 
position appear it is necessary, almost instantly, to reduce the 
.pressure in the reactor or to discharge the contents of the reactor 
mto the atmosphere. If the decomposition of ethylene cannot 
be prevented then, instead of the expected valuable product, 
soot is obtained. Each decomposition is followed by a prolonged 
stoppage of production, which is needed to test the pressure 
tiglitness of the equipment, for the removal of sOot from the 
inner surfac^ of the reactor and for the carryin g out of other 
usual operations. All this causes great production losses. 


290 



STUDY OF INDUSTRIAL PRODUCTION OF POLYETHYLENE UNDER HIGH PRESSURES, AND OF THE AUTOMATIC CONTROL OF THE PROCESS 


The Study of the causes of the ethylene decomposition 
reaction and the development, on this basis, of methods and 
means for its prevention represents an essential problem. By 
using a special equipment it was possible to record several 
interesting moments in the operation of the reactor, which 
provide a possible explanation for one of the basic causes of the 
decomposition. Recordings showed that very often the normal 
progress of the process is disrupted by a sudden increase in 
pressure, reduction in gas consumption and by an abrupt 
increase in temperature. Such a sudden disruption of the 
operating conditions may be explained by the formation of 
polyethylene blockages in the reactor tube. 

Rapid reduction of pressure in that case leads to the elimina¬ 
tion of these blockages and to the slowing down in the reaction 


Decompose ion (explosion) 
15th August,1959 



W®* 15“' 15®‘ 15**^ IB** 15'“ 15'“ 1S'* IB^^ir™''') 

> I I « I I I_I_I I I I I I L—I-1-1—I—I—I—•- 

Time-^ 

Figure 1. Recording of parameters of the process at the instant 
of explosion 

development. If the pressure is not reduced in good time 
decomposition reaction unavoidably develops. 

It was possible to record the diagram of the explosion {Fig-- 
ure i). In the example given the operator was unable to pre¬ 
vent the explosion by the reduction of pressure and, therefore, 
the contents of the reactor were discharged into the atmosphere. 
The decomposition of ethylene occurred in the reactor, as was 
indicated by a black cloud of soot discharged from the reactor. 
From the diagram it is also evident that there was an increase 
in pressure and temperature which was accompanied by an 
abrupt reduction in gas consumption. 

For the elimination of the polyethylene blockages it was 
proposed that forced oscillations in pressure should be induced. 


An oscillator, specially developed for this purpose, fully justified 
itself in operation. Another means of preventing these block¬ 
ages is to increase the gas supply to the reactor. 

The measures indicated did not lead to a complete elimination 
of decompositions, although they became less frequent 
but all the same they took place. This circumstance points to 
the instability of the polymerization reaction itself. 

The first attempt for the investigation of the stability of the 
polymerization reaction of ethylene under high pressure was 
undertaken by Hoftyzer and Zwietering^. Having constructed 
the material and thermal balance equations for an elementary 
part of the reactor, the authors obtained two non-linear differen¬ 
tial equations in a dimensionless form: 

-^=-3;e~^+KCyo-3') (1) 

-^=4-y*e-* + F(xo-x)-Fiy(x-xJ (2) 

dz 2 

where yo, y are the inlet and outlet concentrations of the initiator, 
Xq, X the inlet and outlet temperatures, x^ the reactor wall tem¬ 
perature, z the time, u the parameter, which determines the 
activation energy, and F, W the constant coefficients. 

Using Liapunov’s method^, the stability of the state of 
equilibrium was investigated by the linear equations of first 
approximation: 

+ ^12^ (3) 

“ 1 — =ci2iX+a2zy (^) 

ctz 

According to Liapunov’s method, the stability of the equilibrium 
state Xs, ya of a non-linear system of the second order is deter¬ 
mined by the following Routh-Hurwitz conditions: 

— U 22‘“^12 ^ 21 ^® 

^«=“^ ll -^ 22>0 

By equating the left sides of these inequalities to zero, the 
authors determined the boundaries of the region of the stable 
equilibrium states for an area of parameters Xq, yo for the differ¬ 
ent values of jcq. They arrived at two interesting results: (1) the 
system can have five states of equilibrium; and (2) the indi^trial 
reactors are operated in a region where condition (5) is satisfied, 
but where condition (6) is not satisfied. 

The investigation of eqns (1) and (2) terminates at this point, 
and Hoftyzer and Zwietering proc^d to the study of the system 
of control. However, in the author’s opinion the study of the 
reactor itself was left unfinished. 

First of all, the question arises: is the region of unstable 
states of equilibrium the region of decompositions? The in¬ 
stability of the state of equilibrium may lead either to a rapid 
increase in temperature or to stable temperature oscillations. 
From the theory of oscillations® it is known that in non-linear 
systems self-oscillations—stable periodic oscillations which are 
periodic in the absence of external disturbances—are possible. 
The phase picture of self-oscillating systems contains at least 
one isolated closed trajectory—^the limiting cycle. If thelinuting 
cycle is stable, then the state of equilibrium embraced by 
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this cycle will be unstable. It follows from this that the prob¬ 
lem of stabiUty of the polymerization reaction of ethylene is 
closely associated with the problem of self-oscillations. However, 
before imdertaking any theoretical investigation of self-oscil¬ 
lations, it is necessary to be convinced about the practical ex¬ 
pediency of this. In other words it is necessary to possess the 
experimental material which would confirm the possibilify of 
self-oscillations in an actual process of ethylene polymerization. 

Self-oscillations of the Ethylme Polymerization Reaction 

The possibility of the occurrence of periodic oscillations in 
^^cal systems has been known for a long time. Andronov* 
indicated that under certain conditions in chemical systems, 
just as in other (mechanical, electrical, etc.) systems, undamped 
oscillations, inexplicable in principle by the linear theory 
may occm. Recently, a large number of works devoted to 
the experimental and theoretical study of the periodic 
reactions, were published. A detailed outline of these investiga¬ 
tions is given in the work of Salnikov®. 

'Hie^ observations made on the process of ethylene poly¬ 
merization in a tube reactor shows that the process taVi>« 
under the conditions of abrupt oscillations in temperature, re¬ 
actor output and quality of the product. 

In the manual control of the process it was possible to ex¬ 
plain these oscillations by the instability of pressure and Otygen 
content in the mixture, by the change in the gas supply and by 
Other causes, i.e., it was'possible to consider that these nhatigAs 
in the process represent forced changes. For us it was quite 
unexpected to find that the automatic stabilization of ^a<! 7 > dis¬ 
turbances had very little effect on the course of the process. 
The osdllatioiis in temperature, output and quality, as before] 
rem^ed considerable. This very fact suggested that the process 
has its ovm inherit internal rhythm, determinable only by the 
properties of the system, and not by the ectemal disturbances, 
i.e., that self-oscillations are characteristic of the process. 

In Ftyare 2 are given the diagrams of recordings of pressure 
and temperature along the length of the reactor, from which it 
is seen tiiat the temperature oscillates constantly, the period 
and the amplitude of these oscillations change along the 
length of the reactor. (The term ‘amplitude’ is used condition¬ 
ally, since the oscillations are not harmonic.) The increase in 
the period of oscillations at the end of the reactor is clearly 
sera. At point No. 13 the period amounts approximately to 
15 min, at the fourteenth point it is already 20-25 min, and at 
the last point it exceeds half an hour. The am plitinio. of tempera¬ 
ture oscillations along the length of the reactor also increases 
continuously, and at the last point it reaches 30-40® C. The ex¬ 
periments were carried out in the presence of forced pressure 
oscillations having an amplitude of 70 atm and a period of 
2‘5 min. These oscillations are recorded on the pressure dia¬ 
gram. The period of these oscillations is 10 times less than that 
of the natural temperature oscillations. The pressure oscillations 
are reflected in the temperature, although not very appreciably. 
They are, for instance, superimposed on temperature nsftiiiatmm 
and do not alter the general picture at all. 

It is possible to note yet another peculiarity in the behaviour 
of the process; the temperature oscillations at the first points 
along the gas flow are not reflected at all in the oscillations at 
subsequent points. This is as if each part of the reactor represent¬ 
ed an isolated oscillating system having its own period and 


amplitude. This, at first glance, contradicts common sense, 
since the gas moves through the reactor at a high velocity] 
and it would be more natural to expect an interdependence in 
the behaviour of temperatures in neighbouring points. 

It will be assumed now that the temperature oscillations are 
conditioned by external disturbances. Then, however, a large 
number of inexplicable questions is raised. First of all, what 
force should these disturbances have if pressure oscillations 



l<tgwe 2. Itecor<Ung of temperature oscillations 


of 70 atm are hardly reflected in the temperature? Why do 
these raternal forces cause temperature oscillations, having 
quite different periods, along the length of the reactor? Why 
are these disturbances more pronounced at the end of the 
reactor than at the beginning? Finally, why, in general, should 
these external disturbances cause almost periodic temperature 
oscillations? All these questions, in our opinion, are inexplicable 
when taking into account only the external disturbances. There¬ 
fore, the deduction that temperature oscillations are explained 
by the internal osciUational nature of the process, i.e. by the 
self-oscillations of the reaction, is more convincing. 

The explanation of all peculiarities in temperature be¬ 
haviour in the reactor requires a detailed study of the mechanism 
of the reaction. In this paper only hypothetical reasons concern¬ 
ing some questions are given. 
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The period of temperature oscillations may increase as a 
result of a decrease in the concentration of the initiator at the 
end of the reactor. An increase in the amplitude of oscillations 
is probably determined by an increase in the viscosity of the 
mixture as a result of polymer formation. It is known that an 
increase in the viscosity of the reactive mixture usually tends to 
inhibit the chain break-up reaction, but that it has no effect on 
the propagation. Therefore, at the end of the reactor longer 
polymer chains should be formed, and since liberation of heat 
is determined by the propagation reaction, then this also leads 
to an increase in the amplitude of temperature oscillations at 
the end of the reactor. 

The fact that the temperature oscUlations at the neighbouring 
points are not correlated among themselves can be explained 
by the action of the reactor wall. It is generally known that 
the wall, in some reactions, plays a big role. Very often the 
termination occurs on the wall, and in other reactions the 
wall also participates in the initiation of the chain. Semenov®, 
for example, points out that the molecule of oxygen on the 
reactor surface can enter into the reaction V + VOO, as 
a result of which a powerful peroxide radical VOO is formed on 
the surface. The latter reacts readily in the presence of hydrogen 
with the initial substance, for example RH, giving a surface 
peroxide compound VOOH and raciical R. For such reactions, 
the liberation of heat not in space but on the wall, is character¬ 
istic; and if the reaction is irreversible, then in the course of the 
process the wall is covered by a chemisorptive layer and its 
initiating action ceases. 

If a similar picture could be built up for the ethylene poly¬ 
merization reaction (which of course requires a special proof), 
then it is possible to visualize that the mechanism of self-oscilla¬ 
tions of the reaction will be as described. The progress of the 
reaction leads to an increase in temperature, but the coating of 
the wall by the chemisorptive layer of polyethylene molecules 
leads to the damping of the reaction and to a reduction in temp¬ 
erature. Gradually with the gas flow the polymer is washed off 
the walls, the reaction develops again, the temperature increases, 
and so on. Naturally, because of such a mechanism the reactor 
will consist of a large number of self-oscillating systems, dis¬ 
tributed along the length of the reactor. Under these conditions 
the temperatures at the neighbouring points will not be mutually 
interconnected. 

It is possible to put forward a number of other self-oscillatmg 
models of the process. In view of the strongly pronounced 
exothermic nature of the process it is most likely that the self¬ 
oscillations are thermo-kinetic in character, in which case the 
interaction between the heat removal systeni and the reaction 
leads to stable temperature oscillations. Similar oscillations 
were studied for the first time by Frank-Kamenetskii^. 


Study of the Thermo-ldnetic Model of Reaction 

The rate-of-reaction equation for the polymerization of 
ethylene may be represented in the form: 

df 

where M is the concentration of monomer, I the concentration 
of initiator, E the activation energy, R the gas constan^ T the 
temperature, A the pre-exponential multiple, and t the time. 


On the basis of the rate-of-reaction equation it is possible to 
construct for an elementary section of the reactor the material 
and thermal balance equations. 

(7) 

dt y 

VCp—=VQAe~^ M-ShiT-T„)+GpC (T„—T) (8) 
dt 

here G is the gas supply, V, S the volume and surface of the re¬ 
actor section imder consideration, M* the monomer concentra¬ 
tion in the initial mixture, Q the thermal effect of the reaction, 

C the specific heat of the mixture, h the heat-transfer coefficient, 
p the density of the mixture, and Tu, the temperature of the 
mixture and temperature of the reactor walls. By denoting that 

^ G Sh+GpC ShT„+GpCT„ 

«— y>^~ V Sh+GpC 

the system may be reduced to the following form 

JE 

i^=-Ae"^I*M-l-d(Mo-M) (7a) 

dt 

Cp^=fie”^J*M-a(T-ro) (8a) 

If it is assumed that the concentration of the initiator 
is constant and if dimensionless variables x = (QR/Cp E)M, 
y = (^RJE)T, X = Al^t sst introduced, then the material and 
thermal balance equations will be 

4^=-xe"^+/?(Xo-x) (7b) 

dT 

-^=xe ^-yiy—yo) ' ( 81 *) 

at 

where: 

^~AI* ’ ^ CpAI* 

It should be pointed out that in the elementary section of the 
reactor the change in the concentration of the monomer will be 
insignificant; since total conversion is small, there is a continuous 
supply of fresh gas and the system is under a constant pressure. 
On this basis one can assume that the second term of the right- 
hand side of eqn (7 b) is constant 

/?(xo-x)=m (9) 

Then, eqn (7b) assumes the form: 

xe y+m (7c) 

dt 

Now, the models of our chemical system will be repiresented 
by eqns (7c) and (8b). Analogous equations were obtained by 
Salnikov® in the investigation of the thermo-kinetic oscillations 
of chemical reaction A ^ X B for the case of the rate of 
reaction A'^X remaining constant. 

In order to. develop stable periodic solutions (self-oscilla¬ 
tions) in the system (7 c), (8 b) the methods of the qualitative 
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theory of differential equations were used. The study of the non¬ 
linear systems of the second order is most expediently carried 
out by means of a phase plane. The presence of the system of a 
limiting cycle on the phase plane represents the necessary con¬ 
dition for self-oscillations. In the case here the plane hbing 
parameters x and y (concentration of monomer and tempera¬ 
ture) is the phase plane. The general procedure of the study is as 
follows. The states of equilibrium are determined, and the 
boundary of the region of stable equilibrium states is developed, 
by means of the equation of the first approximation. After this, 
using Poincard’s sphere^, the stability of particuhir points of 
the system, in the infinitely remote parts of the phase plane, is 
determined. If the system has an unstable state of equilibrium 
and if the infinity is also unstable, then on the basis of Ben- 
dixson’s theorem^, it will be possible to arrive at the conclusion 
that on the phase plane of the system there is bound to be 
at least one limiting cycle. 

By equating the right sides of the eqns (7 c) and (8 b) to zero 
-i 

-xe ^H-m=P(x:,y)=0 
-i 

xe ^-y(y-yo)==Q(x,y)=0 


The verification of the second condition of stability shows that 
at any parameters of the system A > 0. From this it follows 
that the equilibrium state is a node or a focus. 

. study of the behaviour of phase trajectories in the 

infinitely remote parts of the plane G, determinable by the in¬ 
equities a; ^ 0, y ^ c, when s has the smallest desirable 
positive value, Poincare’s sphere is used. For this, new variables 



are introduced. Then 




-pzQ 



<TT [z'z 





it is possible to find the equilibrium state coordinates 

ys=yo+f ( 10 ) 


*i=tneyoy + HI (11) 

For the determination of the stability of the equilibrium state 
we shall introduce new dependent variables 


x=Xs+S,y=ys+it 

and we shall reduce the system (7c), (8b) to two linear equations 
of the first approximation 

. dij 

=ce-(-ri,, 

The coefiicients of these equations are determined by the follow¬ 
ing expressions 

® y^, b^Py(Xjf y^) 

c^QL(x„ys), d=Q'y(x„y^ 

The necessary and sufiScient conditions of stability of the linear 
system of the second order are the following equations 


—d>0 

(12) 

a b 


(13) 


The boundary of the stability region a = 0 is determined on the 
plane m, by the following equations: 

(14) 

yo=ys[l-ys(l+^)J (15) 


Smce the identity P s pQ does not occur, the equator of 
Poincar6 s sphere (z = 0) is an integral curve. The particular 
pomts on the equator are determined by the relations z = 0 
and P/Q - p = o. On the equator of the sphere two pans of 
particular points p^ := o and P 2 ~ 1 + y are located. 

The subsequent analysis, shows that the phase trajectories 
do not come out of the region G, and on the contour which 
l^ts the region, there are no stable states of equilibrium. 
Therefore, on the basis of Bendixson’s theorem it is possible to 
prove that on the phase plane there is a limiting cycle, which 
embraces the unstable state of equilibrium. 

Thus, the region of unstable states of equilibrium, deter¬ 
minable by eqns (14) and (15), is the region of self-oscillating 
conditions of the system. 

It should be pointed out that if a simplified condition (9) is 
not adopted, then the study of eqns (7b), (8b) is made difficult 
by the determination of the state of equmbriurn. But the simula¬ 
tion of this system on an analogue computer has shown that in 
it also, under certain conditions, self-oscillations occur. One of 
the limiting Q^cles, obtained on the computer, is represented 
in Figure 3. 



Figures. Limiting cyck 
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In the author’s opinion, the self-oscillations of the ethylene 
polymerization reaction are the main cause of considerable 
changes in the output of the reactor and quality of the product. 
Therefore, they should be considered harmful, and it is necessary 
to search for means and methods to combat them. This problem 
is still unsolved. 

Automatic Control of the Process 

The investigations on the reactor were carried out simul¬ 
taneously with the automation of the process. The results of 
investigations were used in solving the problems of automatic 
control, and the introduction of automatic control has helped 
the experimental work. Thus, a system of automatic control, 
the block diagram of which is shown in Figure 4, was con¬ 
structed. From this diagram it is possible to see which basic 
functions are performed by this system. 


stoppage of the compressor, and the supply of oxygen is dis¬ 
continued. 

The starting of the reactor is obtained through the command 
of the operator. The basic operation of starting consiste in a 
gradual increase of pressure in the reactor. If, at the time of 
starting dangerous operating conditions develop, then the rise 
in pressure is stopped either automatically or by the command 
of the operator. 

The unloading from the separator takes place periodically 
through the pressure signal in it. As soon as the pressure in the 
separator begins to fall, the unloading is stopped, since the re¬ 
duction in pressure indicates that the separator is completely 
freed from the liquid polymer. The interval of time between the 
unloadings is adjusted automatically by a special system, which 
indirectly measures the output of the reactor and decreases or 
increases the frequency of unloading. The pressure-control unit 



A conventional isochromic controller carries out. different 
commands according to pressure changes in the reactor, which 
are received from other points of the circuit. The controller, 
in fact, acts as a servo system. After receiving a signal from 
the pressure-correcting unit, the pressure is gradually reduced if 
the temperature at any one point of the reactor exceeds the 
set limit. For the set point of the pressure controller, a signal 
is also received from the oscillator, which operates on the prin¬ 
ciple of conventional relay pulse-couple. The oscillator rapidly 
reduces the pressure in the reactor by 70-100 atm and then 
gradually raises it to the previous value. 

With the appearance of any risk of explosion the safety 
interlock comes into operation. At first, the pressure in the 
reactor is reduced, but if this does not result in the prevention 
of an explosion the contents of the reactor are disch^ged into 
the atmosphere. At the same time a signal is sent for the 


in the separator performs simple stabilization of pressure during 
the intervals between the unloadings. It should be pointy out 
that the pressure control system in the reactor and that in the 
separator do not interact. 

The unit for the measurement of oxygen provides for the 
remote automatic (or hand) change in the supply of initiator to 
the reactor for any programme. 

Constructionally, the automatic control system consists of 
pneumatic control equipment which is designed for the simul¬ 
taneous automatic control of two reactors. AH umts of the as¬ 
sembly consist entirely of pneumatic logical components. This 
provides for adequate reliability and fire risk. A n^ber of 
such units have been produced and have passed industrial 
tests at two of the works. Their testing under operating con¬ 
ditions proved their complete reliability and high quahty of 
control. 
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The proposed system is a natural outcome of only the first 
stage of work for the automatic control of the process. It 
embodiw the operations which are essential for the 
Of trouble-free normal operating conditions of the reactor. How- 
ever, the problem of automatic control of the polymernation 
reaction is not yet completely solved. It may be expected that 
f^uimer study of the process, and particularly of the self-oscil¬ 
lating conditions, will result in the finding of even more efificient 
methods for the control of the reaction. 

Conclusions 

As a result of this study a relationship was found between 
me output of the reactor and the basic parameters of the process 

decomposition was 

revealed. The self-oscillating conditions in the operation of the 
rector were uncovered and the mathematical model of a part 
of the reactor was studied. ^ 


Simultoeously with the investigation of the process, work 
was carried out for its automatic control as a result of which 
pneumatic automatic control equipment was constructed. 
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DISCUSSION 


K. ^OENENtVNN, I^itut fUr Chemische Technologk der Teehnischen 
Uocnschule, 61 Darmstadt, Germany 

TOe ^per by Mr. Volter is an impressive example of the application 
of automatic control for chemical reactors. Chemical reactionLf high 

^ 

Henre, the methods described are also of great importance for the 
chemical engineer too, when fulfilling his main task of developing a 
new chemical process from the very beginning in the laboratory, in- 

to“bd^Wd‘£“ ** consequent scaling up 

Five years ago, at the Technical University of Darmstadt, Qermanv 
we encountered similar problems to those of Mr. Volter when we had 
° design of the tube reactors for a large high-pressure 

polyethylene plant of 24,000 tons/year. The only basis was bLh ex- 
periments described in literature which then were checked by us. 

K.* empirical correlation 

between the obtained yields and the applied reaction conditions be¬ 
cause the equations obtained describe the complex interactions only 
m a summarizing manner; the underlying laws are not comprehensible. 
Hence, these equations cannot generally be transferred to larger units 
or other reactor types. For instance, when scaling up a tube reactor, 
hMt removal becomes worse because the reactor content producing 
the reaction heat grows proportionally with the square of the tube 
diameter, whereas the tube wall transferring the reaction heat grows 
only in a linear relation. 

tvn Jfl! established velocity equations of principally the same 

type as those used by Mr. Volter for the explanation of the tempera- 

fi T “"T ™ exponents and 

lea to different final results. 

We prided in the foUowing way: We,assumed the simplest pos¬ 
sible reaction mectoism comprising only a chain start reaction, a 
c^n growth reaction and a termination reaction. Then, by evaluating 
the conversion experiments we established velocity equations of the 


Material balance of ethylene conversion 


de, „ 

-,^3/2 1/2 2 Q 

^ 2 , e p 

r 

Material balance of oxygen consumption 


^ —/.o .fTR'Ti 

AT —I^S C *£.*Rn*- - 


dL 


gA-go- 


Heat balance of the reaction mixture 


dT,_r-AH-q k-f-(Ti-T,) 


dL G • 

Heat balance of the cooling water 


G-c„ 


IZk_ 

®H 20 ’<^pH 20 


dc 


dt ^0 e crc2 


describe the continuous tube reactor: 


which 


t*™ ^ solution of these four equations we calculated the 

conversion profiles over the length of the 
eactor with their dependence on the reaction factors of temperature, 
oxygen content and pressure, at first for the stationary state (Nigure A). 
Then, in order to adjust the control system to the transient behaviour 
ot me rea«or the latter was investigated in a similar way to that shown 
m ^^reSfoi another model reaction. The whole kinetic investigation 

tm ‘'®®*Sn have proved correct in the industrial plant 

Ifi^ure C) up to very characteristic 

\r 1 ^^ strange oscillations of temperature described by E. V. 

"o^o'^rved to any degree by us. I, therefore, sup¬ 
pose that m Mr. Volter’s pilot reactor they originated from some 
unknown peculiarities. 

By th^ comments of mine I wanted to emphasize that the illus¬ 
trative yelixity equations allow the chemical engineer to tliink in his 
categories m a creative way: on the b^is of rather simple experiments 
these generally valid equations enable him to calculate over a wide 
spectrum of variations in the reaction conditions and the conttol 
system of an industrial reactor, and thus aUow him to predict the 
optimum. 
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Length of reactor, L L i 


Cooling water temperature Oxygen content Pressure 

each 10*/« lower at No.2 half that of Na1 each 3V« lower 

Figure A 




Figure B 



Figure C 


E. Stefani, The National Committee of the U,S.S,R, on Automatic 
Control^ Moscow Kalanchevskaya 15-a, U,S,S.R. 

Mr. Schoenemann proposes the equations to describe processes in the 
reactors with different design parameters. This is very interesting for 
we are now carrying out research work in the same held, but at present 
only at the laboratory level. 

Experience gained, using the systems of automatic ethylene poly¬ 
merizations, justifies our hopes that the same good results will be 
obtained with reactors of different types. 

It is a real pleasure to see the results of industrial tests of Mr. 
Schoenemann’s equations. 


E. D. Gilles, Technische Hochschule, 61 Darmstadt^ Germany 

Mr. Volter tried to show, with the aid of balance equations of a small 
segment of a tubular reactor, that the temperature oscillations observ¬ 
ed in the polyethylene reactor can probably be related to a thermo- 
kinetic instability of the reactor. For the derivation of these balance 
equations the local extension of the small tubular segment under 
consideration was neglected, that is, the tubular reactor was replaced 
by a cascade of ideal mixing vessels. Consequently, for a small segment 
of the tubular reactor the stability criteria corresponding to an ideal 
stirred tank reactor are obtained, and, as is well known, these yield 
unstable behaviour under certain operating conditions. The author, 
therefore, concluded that a thermd-kinetic instability could also occur 
in the tubular reactor. 

This conclusion does not necessarily follow, because the behaviour 
of an ideal tubular reactor is identical with that of an equivalent 
cascade of ideal mixing vessels only if the number of such vessels in 
the cascade tends to infinity, that is the volume of each of the mixing 
vessels tends to zero. If the two stability criteria are regarded with 
respect to the ratio 

Reaction volume V 
FlowG 

it turns out that the tendency towards instability decreases as this ratio 
decreases, so that when the ratio vanishes, the system is stable. 

Since for the single segments ot a cascade of mixing vessels with 
an infinite number of elements, which is mathematically identical with 
the tubular reactor, this limiting case is valid and the infinitely small 
mixers are cascaded free of interaction, hence an id^ tubular reactor 
is always stable. The influence of hydrodynamic processes on the 
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A Study of the Dynamic and Static Characteristics of the 
Process of Fractional Distillation 

I. V. ANISIMOV 


Summary 

A mathematical study of the static and dynamic responses in binary 
liquid fractionation systems is presented. It differs from earlier publi¬ 
cations in that it takes into account the kinetics of plate mass transfer. 
Response curves for plate distillation colunms as well as the static 
characteristics of the system have been computed throughout the main 
control and disturbance channels. 

The results derived from this method of calculation differ, both in 
quantity and quality, from those obtained by the theoretical plate 
method. Study of the static and dynamic characteristics of the process 
has made it possible to single out those specific characteristics which 
influence the choice of the main control scheme. The advantages of a 
combined control scheme are shown. 

For superfractionation a selective-invariant control system is 
necessary. An automatic control system is developed which takes into 
account the specific static and dynamic properties of the fractionation 
process. Calculations were carried out by the staff of the Computer 
Laboratory of the Moscow Institute of Chemical Machine Building, 
using a digital computer. 

Sommaire 

Une 6 tude math^matique des r 6 ponses statiques et dynamiques des 
syst^mes de colonnes de fractionnement binaires liquides est entreprise. 
Elle difffere des 6 tudes ant^rieures par le fait que les cin 6 tiques des 
transferts de masse aux plateaux sont prises en consideration. Les cour- 
bes de r 6 ponses statiques et dynamiques des colonnes de distillation k 
plateaux sont calcuiees par rapport aux actions principales de com- 
mande et par rapport aux perturbations. 

Les r 6 sultats obtenus par cette methode different de ceux obtenus 
par la «methode des plateaux» theorique. L’etude des caract 6 ristiques 
statiques et dynamiques du processus a fait ressortir I’influence de 
certaines de ces caracteristiques sur le choix de la commando princi- 
pale. L’avantage de la commando combinee est prouv 6 . 

Pour les super-fractionnements, un syst^me de commando selective 
et invariante est ndcessaire. Un systtoe de commande automatique, 
tenant compte des caract 6 ristiques statiques et dynamiques d’un pro¬ 
cessus de fractionnement, est d 6 velopp 6 . Les calculs ont 6t6 effectuds 
sur. une calculatrice num 6 rique universelle, par le personnel du 
Laboratoire de Calcul de ITnstitut de G 6 nie Chimique de Moscou. 

Zusammenfassung 

Der Aufsatz enthdJt die mathematische Untersuchung des statischen 
und dynamischen Verhaltens bei der Zweikomponentenfraktionierung. 
Diese unterscheidet sich von friiheren Verdffentlichungen dadurch, dafi 
sie die Kinetik des Stoffaustausches auf einem Boden in Betracht zieht. 
Das Obergangsverhalten der Bodenkolonnen sowie das Beharrungs- 
verhalten des Systems wurden sowohl fur die Hauptregelkreise als auch 
fttr die StOrungen berechnet. 

Die so berechneten Ergebnisse unterscheid^n sich sowohl in 
quantitativer als auch qualitetiver Hinsicht von denen, die man durch 
die Methode der theoretischen Stufen bekommt. Die Untersuchung 
der statischen und dynamischen Eigenschaften des Prozesses ermdg- 
lichte es, die besonderen Eigenschaften, die die Auswahl des Schemas 
der Hauptregelkreise beeinflussen, auszusondem. Die Vorteile einer 
kombinierteu Regelung zeigen sich deuUich. 


FUr Feinfraktionierung ist ein invariantes selektives Regelungs- 
system notwendig. Es wird eine Regelung entwickelt, die die besonde¬ 
ren statischen und dynamischen Eigenschaften des Fraktionierpro- 
zesses berCicksichtigt. Die Berechnungen ftihrte ein Stab von Mit- 
arbeitern des Rechenzentrums im Moskauer Institut fiir Chemischen 
Apparatebau mit einem Digitalrechner durch. 


Introduction 

Numerous studies of the dynamics of the process of fractional 
distillation are based on the consideration of the theoretical and 
not the actual column plates. For the binary systems the degree 
of utilization of plates is taken into account but it is assumed 
that this is independent of the parameters of the process^®“^^»^®. 
Such a simplified approach introduces substantial errors into 
the calculations relating to the dynamics and statics of the 
distillation process. 

As a result of studies of the process of fractional distillation 
for the binary mixtures^* it was possible to determine 

the effect of design parameters of the plate, physical and chemical 
properties of the components and operating parameters of the 
process on the mass-transfer kinetics. In this work the problems 
connected with the calculations and analysis of the dynamics 
and statics of the process for the separation of binary mixtures 
in the distillation columns are considered in the light of the most 
recent studies of the mass transfer on the plate, and recommenda¬ 
tions are given for the choice of the optimum system of control 
of the process. 

Study of the Dynamic Characteristics of the Process and their 
Specialities which Affect the Choice of the System of Control 

A mathematical account of the process was obtained by 
proceeding from the material balance of the more volatile 
component of the binary mixture in the distillation column, and 
the following assumptions were made: 

(1) The working of the column is adiabatic. 

(2) The liquid is not carried away from the plate. 

(3) The mixing within the liquid on the plate and in the 
vapour is complete. 

(4) The quantity of the vapour phase in the column is 
disregarded. 

(5) The pressure on all the plates is equal to that of the 
atmosphere. 

(6) The condenser of the column is full. 

(7) All the liquid on the plates is confined to the zone of 
mass transfer. 

(8) The initial mixture and the reflux admitted are at boiling 
point. 
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(9) The mass transfer on the column plates is equimolar. 

(10) The local mass transfer coefficient at a given instant of 
time is uniform over the entire plate. 

The material balance equations for the more volatile com¬ 
ponent in the transient process are: 

For the top plate 

H„^=LDXp-LA+F„_iy„-i-F„y„ (1) 

QT 

For the feed plate 

,-LfXy+V^.tY^. 1 - VfY^+FX, ( 2 ) 


Assuming that the quantities Kj-i, and Si are constant 


one obtains 
where 


Kyi r _ Kvl V 

K,i=K,SiAt, 


(9) 

( 10 ) 


The general mass transfer coefficient on the plate X^{, 
determinable by plate design, physical and chemical propertiw 
of the components and by operating parameters, makes it 
possible for the effect of these factors on the transient process 
to be taken into accoimt in the calculations. 

According to the double resistance theory^, ffie general 
mass transfer coefficient is a function of the particular mass 
transfer coefficients of the liquid and vapour phases: 


For the column still 

Ho^=LiXi-VoYo-lVX^ (3) 

QT 

It is assumed that in the still a sin^e complete evaporation 
of the liquid portion takes place, under which conditions 

7 o= ^0 ( 4 ) 

In accordance with the assumptions made, the liquid and 
vapour flow rates are connected by the following equations: 

Vo=‘L,-fV=Vi = ... = V„ (5) 

Lo=V„—D—L„=...=Lf+i ( 6 ) 

= 1 * •*. “•I'l C^) 


The formulae, which allow for the hydraulic retardations 
of the flow, the non-adiabatic character of the process, etc., to 
be taken into account, are given in another work®. 

For the solution of eqns (l)-<3) it is necessary to determine 
the relations between the variables. 

The assumption about complete mixing of the liquid on ffie 
plates makes it possible for the process of mass transfer, which 
takes place during the motion of a certain volume of the vapour 
phase throu^ a liquid layer of constant composition, to be 
considered^®. 

The mass-transfer equation for the ith plate may be wntten 
in the following form: 

yi_idr=ic„s,(y,*-yodT (») 



Figure 1, Response curves for concentrations Xi for a step4ike unit 
increase in Xf amounting to 5 per cent 






( 11 ) 


where 




the phase equilibrium constant. 



Figure 2, Response curves for concentrations Xi for a step-like unit 
increase in the quantity of the initial mixture amounting to 5 per cent 


T,h 



Figure 3, Response,curves for concentrations Xi obtained for a step-like 
increase in distillate withdrawal amounting to 5 per cent 
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The particular mass transfer coeflScients may be calculated 
on the basis of experimental data as definite functions of the 
plate design parameters^ physical and chemical properties of 
the components, composition of the liquid and vapour phases 
on the plate and of vapour or liquid flow rates in the column^®. 

The system of eqns (l)-(ll) describes the transient process 
in die fractional distillation column for the separation of binary 
mixtures, taking into account the kinetics of mass transfer on 
the plates. 

As an example, the calculation and the analysis of the tran¬ 
sient processes for the separation of the methanol—water mixture 
in a distillation column are given. The initial data are as follows: 
the pressure in the column is atmospheric; the number of plates 
« = 18; the feed plate number/ = 9; the quantity of still product 

== 166*5 kg-mole/h; the quantity of initial mixture F = 
229*2 kg-mole/h; the quantity of distillate D = 62*7 kg-mole/h; 
the quantity of vapour Vq = 141*1 kg-mole/h; the concentra¬ 
tion of the more volatile component in the feed Xp = 0*273 
mole fractions; the concentration of the more volatile compo¬ 
nent in the distillate — 0*973 mole fractions; the concentra¬ 
tion of the more volatile component in the still Xq = 0*0085 
mole fractions. 

=: 1-61 jL + 46kg-mole/h/plate surface. 

380 kg-mole/h/plate surface. 

The calculations for the transient processes in the column 
were carried out on a universal digital computer for the following 
step disturbances: 

(1) For an increase in the concentration of the more volatile 
component of the initial mixture 


"'=^'=<100 


(2) For an increase in the quantity of feed 




(3) For an increase in the distillate withdrawal 


100 

(4) For an increase in the quantity of vapour leaving the 
evaporator 


The calculation results are given in the form of response 
curves in Figures The curves obtained by calculations based 
on theoretical plates are shown by dots. The comparison of 
curves shows that the results of calculations based on the theo¬ 
retical plates and those based on the proposed method are sub¬ 
stantially different, especially for the plates of the low separating 
capacity. 

By comparing the response curves it is possible to record 
the following basic dynamic speciality of characteristics of the 
fractional distillation process, which affect the choice of the 
control system: 

(1) The Neatest effect on the transient processes and on the 
concentration distribution along the column height in the state 


of equilibrium is shown by disturbances which violate the con¬ 
ditions of the material balance in the column, especially by those 
connected with a change in the distillate withdrawal. 

(2) The transient processes in the column take place slowly; 
in the example considered they require from 1*7 to 2*5 h. The 
response time of the column depends on the number of plates, 
relative volatility of the components and other factors®. 

(3) The changes in the concentration of the liquid on the 
upper and lower plates of the column are insignificant. The 
peatest changes in the concentration of the liquid take place 
in the so-called ‘controlling’ plates, which are situated approxi¬ 
mately in the middle of the rectifying and stripping sections 
of the column. The position of the ‘controlling’ plates may be 
considered independent of the form of disturbances. 



Figure 4. Response curves for concentrations obtained for a step-like 
increase in vapour flow rate in the column amounting to 5 per cent 


The signal for the control of composition or tempera¬ 
ture of the liquid should be taken from one of the controlling 
plates. On no account is it possible to control the process 
directly through the composition of distillate or still product, 
since the static and dynamic characteristics of the process would 
deteriorate substantially. 

(4) The chEuige in the steam supplied to the evaporator gives 
rise to transient processes in the rectifying and stripping sections 
of the column, which are different in character. This is attributed 
to the action of two opposing factors: to an increase in the 
separating capacity of the column with the increase in the reflux 
number, and to a decrease in the efficiency of each plate with an 
increase in the vapour flow rate. At the very beginning the 
changes in concentration for the restorative and draining sec¬ 
tions of the column have different signs. 

(5) In a transient process considerable delays in the change 
of composition (or temperature) of the liquid phase occur. The 
delays in the change of composition of the vapour phase on the 
plates caused by the change in the vapour flow rate in the 
column are considerably smaller. This is explained by the fact 
^at the value V of the vapour flow changes with a speed which 
is close to that of sound; therefore, the conditions of mass 
transfer on the plates change almost instantaneously, see eqn(9). 
This phenomenon finds no explanation in calculations based 
on the theoretical plates. 

In the overwhelming majority of cases the control circuits 
for the process of fractional distillation are limited to the prob¬ 
lem of stabilization of the parameters of the jprocess®. Such 
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automatic control systems work more or less satisfactorily 
if the disturbances are small and if variations in the quality 
of the product are permissible. With appreciable changes in the 
quality and composition of the initial mixture the continuous 
deviations from the assigned composition of distillate and still 
product are unavoidable. In order to obtain products of high 
purity under these conditions the invariance of the process 
control systems is the most desirable. 

A system of control cannot be made absolutely invariant in 
respect of all the disturbances. In the fractional distillation pro¬ 
cess the violations of the material balance caused by changes in 
the quality and composition of the initial mbcture represent the 
basic disturbances. The violations of the thermal balance of the 
process, the changes in pressure in the column, the variations 
in the quantity of liquid on the plates and in the still, the changes 
in the working efficiency of the plates caused by change in the 
composition of the feed and in the vapour flow rate in the 
column, etc. represent the less important and secondary dis¬ 
turbances. 

It is possible and expedient to construct a selective invariant 
system of control, for which the basic parameter of the pro¬ 
cess—^the composition of the liquid on the control plate—^will 
be independent of the changes in the quantity and composition 
of the initial mixture. 

With a selective invariant system of control only small 
changes in the composition of the liquid on the control plate 
under the action of the less important secondary disturbances 
of the process will occur. Therefore, the system of control 
should be based on the combination of principles of control 
according to disturbance and deviation of parameter. 

An account of the fundamentals of the theory of combined 
control and of the condition of invariance are given in other 
works^’. 

The amplitude and phase characteristics of the controlled 
plant according to control and disturbance paths required for the 
calculation of the conditions of invariance, are not difficult to 
determine from the response curves obtained as a result of the 
solution of the system of equations for the dynamics of the 
process. 

The changes in the quantity and composition of the initial 
mixture violate simultaneously the material and the thermal 
balance of the process. The system of control, which reacts to 
these disturbances’, compensates for their effect in the column 
by the corresponding change in the supply of the reflux and 
heating vapour. The oscillations in the pressure of the heating 
vapour and reflux and the inaccurate readjustment of the control 
valves represent the secondary disturbances, the effect of 
which may be easily eliminated by applying flow ratio con¬ 
trollers, which measure the magnitude of disturbance and of 
response change in the supply of the controlling means. 

The selective invariant system of control does not embrace 
the controllable parameters, which have a smaller effect on the 
dynamic and static characteristics of the process. These para¬ 
meters are stabilized by customary controllers. 

On the basis of what has been stated, a block diagram for a 
combined selective invariant system of control for the process 
of fractional distillation (described at the end of this paper— 
see Figure 7), has been developed. 


The Static Characteristics of the Process 


The task of automatic control consists in the determination 
and maintenance of the optimum values of the controlling para¬ 
meters of the process. 

The calculated values of the following parameters of the 
fractional distillation process are considered to remain approxi¬ 
mately unaltered under operating conditions: the pressure in 
the column, the level of the liquid in the still of the column, the 
level in the reflux tank, and the temperature of the initial mixture 
and reflux. The control of these parameters does not present 
any difficulties and is not shown in the diagram of Figure 7. 

The optimum values for the reflux number, the quantity of 
the heating vapour and the location of feed plate change under 
operating conditions. In the separation of multi-component 
mixtures it is necessary to determine also the optimum quantities 
and points of withdrawal for the intermediate products. 

The optimum values of these parameters based on the mini¬ 
mum cost of manufacture are determined as the functions of the 
quantity and composition of the initial mixture, provided that 
the product obtained is of precisely the composition assigned or 
that it changes within the permissible limits. 

For the calculations relating to the statics of the fractional 
distillation process, the material balance equation for the state 
established in the part of the column situated below the /-1th 
plate is written 

Lt^,Xi+i-ViYi+FXj,-WXo^O ( 12 ) 

where 

L,+1 = 7+ Pl^when i </and L,+1 = F, + IF- f when i (13) 

F,= F when O^i^n+1 (14) 

Consequently, the material balance of the process for the 
established state may be written in the form: 

Xi=y^iVYi-i + WXo) when 0 ^i<f (15) 




V+W-F 


{VYi^i-i^WXo-FXp) when f <i<n + l 


( 16 ) 

The statics of the fractional distillation process is described by 
the system of eqns (4), (8)-(ll), (15) and (16). Its solution makes 



Figure 5, The graph illustrating the relationship between the heat con¬ 
sumption per unit weight of the distillate QIGd, cmd the quantity Gp 
and composition Xf of the initial mixture 
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it possible to obtain the static relations between the basic para¬ 
meters of the process and the concentration distribution of the 
more volatile component in the liquid on the plates for different 
operating conditions. 

The calculation of the static characteristics of the process 
was made for the above-mentioned fractional distillation column 
for the separation of the methanol-water mixture, for the differ¬ 
ent quantities and compositions of the initial mixture, and for 
the constant composition of distillate and still product. As an 
example, in Figures 5 and 6 the static characteristics of the 
column are given. From Figure 5 it is evident that within a 
certain range of values for the concentrations Xp and loads Gp 
there exists an extremum relationship forthe steam consumptionQ 
per unit weight of distillate Gd* With the increase in Gp the heat 
consumption per unit of Gd also increases, especially at high 



Figure 6. The operating region for the static parameters of the fractional 
distillation column. Curve I: quantity of the initial mixture F is variable^ 
whilst its composition Xp is constant. Curve 11: composition of the 
initial mixture is variable^ whilst its quantity is constant , 

concentrations Xp, From the graph it is possible to determine 
the operating conditions for which the energy requirements will 
be within the limits which sire economically expedient. 

From the consideration of Figure 6 it follows that the static 
characteristics have an extremum and ambiguous values (the 
assigned compositions of the final products may be obtained 
under different operating conditions). Curves I and II, which 
limit the operating region for the parameters of the process, 
represent the locus of values of the coordinates V and jD, at 
which the compositions of the final products are exactly equal 
to those assigned. The minimum energy requirements of the 
process correspond to the minimum value for the vapour flow V 
which, at the given values of i>, F and Xp will secure the assigned 
compositions Xd and Xw* One of the tasks of the optimum 
control is the determination and the maintenance, in relation 
to the values of F and Xp, of the values V and A which corre¬ 
spond to the coordinates of points situated on Ae left side of 
the static characteristics. 


For each set of operating conditions there is a limiting load 
for the column in respect of the quantity of the initial mixture 
of a given composition, at which the operating region degener¬ 
ates into a point, see the extremum on curve I. With a further 
increase in the quantity of the initial mixture it is impossible to 
obtain the assigned compositions for the final products. 

A reduction in load decreases the necessary vapour flow, 
which leads to an increase in the enrichment of the vapour 
phase by the more volatile component, and to an increase in 
the efficiency of mass transfer, see eqn (9). 

The optimum place for the introduction of the initial mix¬ 
ture into the column is determined for each set of operating 
conditions, proceeding from the fact that the concentration of 
the more volatile component in the initial mixture Xp should 
be equal to the concentration Xf on the feed plate, i.e., the 
following condition is observed: 

Xf^i<Xf<Xf^i ( 17 ) 

As a result of the analysis of calculations relating to the 
statics of the process it is possible to make the following de¬ 
ductions: 

(1) The plate-type distillation column for the separation of 
binary mixtures is a non-linear process. The independent para¬ 
meters in the calculations relating to the statics of the process 
are the load of the column based on the quantity of the initial 
mixture F, the composition of the initial mixture Xp, the value 
of the vapour flow rate in the column V and the distillate with¬ 
drawal rate D, 

(2) The region of the static characteristics in which the con¬ 
ditional products may be obtained is limited by the four in¬ 
dependent parameters indicated. These limitations are con¬ 
ditioned by the kinetics of mass transfer. The assignment of 
values for Xd and Xwt which fall outside the region of their joint 
existence, may cause oscillating operating conditions in the 
column (the conditions of joint existence of values for Xd and 
Xw are realized periodically). 

(3) The relation between the final products of the column 
and the vapour flow rate may have an extremum. An increase in 
the vapour flow rate increases the motive force of the process 
Yl — but reduces the efficiency of each plate, which gives 
rise to the extremum. This phenomenon is not found in the 
calculations based on theoretical plates. The extremum for the 
static characteristics may be conditioned by the kinetics of mass 
transfer, as well as by the carrying away of the liquid from the 
plates. 

(4) The static characteristics are ambiguous. This property 
develops only in calculations which take into account the kinet¬ 
ics of mass transfer on the plates. The range of characteristics, 
situated on the left side of the extremum, represents the operating 
range. 

(5) The change in composition of the vapour phase on the 
plates is usually more appreciable than that for the liquid phase. 

(6) The optimization of the process produces increased de¬ 
mands on the system of automatic control, in view of the steep¬ 
ness and ambiguity of the static characteristics. 

As a result of the investigations described it was possible to 
develop a control system for the distillation process, which is 
shown in Figure 7. Controller 1 maintains the assigned optimum 
rate of supply of the initial mixture to the column. 
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Figure 7. Block diagram for a combined selective invariant system of 
control for the process of fractional distillation 

Instruments 4 and 5 measure the rate of flow of the initial 
mixture and send signals to controllers 2 and 3 for the flow 
ratios Gf/Gr and GfIQ» 

The dynamic characteristics of instruments 4 and 5 are com¬ 
puted so that the conditions of selective invariance in respect of 
disturbances for the rate of flow of the initial mixture are ful¬ 
filled. Controllers 2 and 3 maintain the material and thermal 
balance of the process. 

The control based on the disturbance of composition of the 
initial mixture and on the deviation of the composition of the 
liquid on the controlling plate is achieved by these same con¬ 
trollers through the assignments computed and set by com¬ 
puter 10. 

Converters 7 and 8 receive signals from transducers 6, 9 
and 11 which measure the compositions Xp and Xi and the rate 
of flow Gp, and transform them into signals which in turn are 
admitted to computer 10. 

The computer performs the following operations: 

(1) Calculatiori of the optimum load of the column Gp for 
the current values of Xp and setting of the assignment for the 
rate of flow controller 1, see Figure 7. 

(2) Calculation of optimum ratios GpIGr and GplQ in re¬ 
lation to the current values of Gp and Xp and setting of the 
assignment for controllers 2 and 3, conforming to the conditions 
of selective invariance. 

(3) Correction of the calculated optimum xbXIos'GpIGr and 
GpIQ based on the degree of deviation of the basic controllable 
parameter—the deviation of concentration of the more volatile 
component in the liquid on the selected plate (closing of the 
control loop by means of the feed-back signal). 

(4) Calculation of the optimum feed plate number and shift¬ 
ing of the inlet of the initial mixture to the necessary plate. 

(5) In the case of multi-component mixtures: calculation of 
the plate number for the withdrawal of the side product and 
calculation of its quantity. The corresponding assigned opera¬ 
tions; the changing over to the necessary withdrawal plate and 
setting of the assignment for the controller of the side product 
flow rate are not shown in the diagram. 

(6) Transition from one algorithm of control to another—in 
accordance with the change in the optimization assignment, with 


the transition (having reached definite parameters values) from 
starting to normal operating conditions and from the latter to 
the shut-down, etc. 

In addition to this the usual operations of automatically 
checking the accuracy of calculations and the working order of 
the computer, the printing of results, signalling of inaccuracy 
and faults, etc. should be performed. In case of faults or 
stoppage of the computer, the assignments to controllers should 
remain at values determined at the preceding instant. 

In the development of the considered control circuit it was 
assumed that the temperature of the initial mixture is constant. 

It is known that the heating of the mixture to its boiling point 
represents the optimum condition. With the variable composi¬ 
tion and constant temperature of the initial mixture the ratio 
between the liquid and the vapour phase, and the enthalpy will 
change. Therefore, in the case of the composition of the initial 
mixture changing within wide limits, it is expedient to control its 
enthalpy. For this, an instrument should be included in the 
control circuit which would measure the enthalpy of the initial 
mixture and send the signal to the computer. The computer 
should calculate the optimum enthalpy value for the parameters 
of the initial mixture at the corresponding inst^t of time and 
pass the assignment to the steam consumption controller, feed 
heating. 

The adaptation of the proposed control system is expedient 
in those complex cases where it is required that the separation 
of components of the mixture should be made with a high ac¬ 
curacy and where optimization of the process is required. 

Nomenclature 

D Quantity of distillate (kg-mole/h) 
fV Quantity of still product (kg-mole/h) 

F Quantity of initial mixture (kg-mole/h) 
i Plate number, for still / = 0, for condenser i = n + 1 
/ Feed plate number 
H Quantity of liquid on the plate (kg-mole) 

L Quantity of liquid running off the plate (kg-mole/h) 

V Quantity of vapour leaving the plate (kg-mole/h) 

Q Quantity of heat supplied to the evaporator (kcal/h) 

Gp,Y>D,w^R Quantity of initial mixture, vapour, distillate, still product, 

reflux (kg/h) , t* m 

X Concentration of the more volatile component m the liquid on 
the plate (mole fractions) 

y Concentration of the more volatile component in the vapour 
above the plate (mole fractions) 

y^ Concentration of the more volatile component in the vapour 
which is in a state of equilibrium with the liquid of composition x 
(mole fractions) 

Kv General mass-transfer coefficient, related to the imit area of phase 
contact, calculated by the vapour phase (kg-mole/m®/h) 

S Phase contact area on the plate (m®) 

Particular mass-transfer coefficient in the liquid phase 
(kg-mole/m®/h) 

pv Particular mass-transfer coefficient in the vapour phase 
(kg-mole/m®/h) 

T Time (h) 

At Contact time of phases on the plate (h) 

i ' ' ' ■ ' ' 
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DISCUSSION 


D. E. Lamb, University of Delaware, Newark, Delaware, U.S.A. 

This paper is concerned with a wide range of distillation problems in¬ 
cluding distillation dynamics, steady-state optimization and control 
strategy including both conventional and computer control. Remarks 
here are confined to two areas; representation of vapour liquid mass 
transfer in the dynamic model, and control strategy. 

The author prefers to represent mass transfer between liquid and 
vapour or the trays of a distillation column in terms of the two film 
theory rather than in terms of tray efficiency. However, the two ap¬ 
proaches are in fact equivalent. By defining /—E = exp (— KrilVud 
it is apparent that eqn (9) defines the Murphroe tray efficiency, E. The 
dependency of E on the fluid properties and design and operating 
par^eters can be included in the dynamic equations in a manner 
similar to that used for the kinetic mass transfer expression. In view of 
this it is surprising that the responses to stop changes in feed composi¬ 
tion calculated, using theoretical plates, differ from results calculated, 
using a kinetic equation for mass transfer as shown in Figure 1. 
Perhaps the author can clarify this point by providing a more detailed 
description of how the dotted curves in Figure 1 were obtained. 

The question of proper representation of tray efficiency in dynamic 
models merits further consideration. Many authors have obtained 
simplified dynamic models of distillation columns by treating tray 
efficiency in a imnner analogous to that in steady-state models. This 
consists of setting J? = 1 and replacing the two vapour-liquid equi¬ 
librium curves by a pseudo-equilibrium curve which passes through 
the steady-state values of liquid and vapour composition associated 
wth each tray. Although this procedure is correct in the case of steady- 
state models, and gives correct values at the steady-state gain in linear¬ 
ized dynamic models, it may give a poor estimate of the true dynamic 
response, when the actual tray efficiency differs significantly from unity. 
In fact, this simplffication alters the mathematical model in a profound 
way because it eliminates the dependence of vapour composition on 
its p^t history as the vapour rises through successive trays in a column, 
and instead makes composition of vapour rising from a teay simply 
proportional to liquid composition on the tray. The mathematical 
implications of l^s are more apparent when the set of difference 
differential eqimtions for a plate type distillation column are approxi¬ 
mated by partial differential equations. This is equivalent to treating 
each section of the column as a distributed parameter system rather 
than a niultistage system. When the tray efficiency is properly included 
the partial differential equations are second order and contain a dif¬ 
fusion type term with a coefficient of (J—E), whereas use of the 
pseudo-equilibrium curve simplification leads to first order partial 
differential equations. Solutions of these first and second order equa¬ 
tions can have quite different forms when E is significantly different 
from unity. 


Turning now to the control scheme proposed in the paper, there 
are three items which I should like to mention. First, a feed flow 
controller is used to maintain the approximate assigned optimum feed 
flow rate. In practice this can be done only when a feed hold-up tank 
is available, and it is usually more realistic to consider variation in 
feed-flow rate as a measurable input disturbance rather than as a 
manipulative variable. Second, although the control objective is to 
maintain product composition constant, the author prefers not to use 
product composition as the measured variable in the control loops 
but rather to measure the temperature or composition on the so-called 
controlling plates in the middle part of the column sections where larger 
variations are expected. It is well known that large variations in com¬ 
position and temperature in the central part of the column can occur 
when disturbances in product composition produced by feed flow 
variations are cancelled by action of feedforward controllers. Thus, use 
of composition or temperature measurements on the controlling plates 
to generate error signals in feedback loops can lead to serious diffi¬ 
culties, particularly in the presence of feedforward control. When the 
control system is sufficiently elaborate to include an on-line computer, 
as in the example presented in this paper, on-line product analysers 
are usually economically justifled and will produce better control. 

Finally, I should like to ask the author to indicate the computation*^ 
al procedure used by the computer to adjust the dynamics of the feed¬ 
forward control loops so that conditions of selective invariance are 
maintained under changing conditions of feed flow rate and feed 
composition. 

I. V. Ankimov, in reply 

(p The comment that the representation of mass transfer between 
liquid and vapour is equivalent according to the two-film theory and 
the efficiency of the plate is only valid if the efficiencies in calculations 
are taken as constants and not as functions of the properties of the 
mixture being fractionated, the design of the plate, and the column 
operating par^eters. The difference between the acceleration curves 
calculated with the kinetics of the process taken into account, and for 
theoretical plates, is to be explained by the fact that in calculations for 
theoretical plates the magnitude of the efficiency of the plates is, as 
usual, taken to equal unity, and does not depend on the mode of 
operation of the column. 

(2) The comment is valid, but has no direct bearing on the paper, 
since the plant analo^e presented therein makes it possible to avoid 
ordinary crude simplifications in examining the connection of the 
compositions of the vapour and liquid phases on the plate: 

(3) (o) The scheme with an initial-mixture flow rate controller is, 
in fact, designed for operation wth a sufficient reserve of the initial 
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mixture available in the storage tank, and with the optimal distribution 
of load between several columns operating in parallel solved. The 
more common case, when both the composition and the quantity of 
the initial mixture may vary, is described by the author in a paper 
published in Khimicheskaya promyshlemost. No. 12, 1963. 

{b) The comment that the use of product quality analysers is 
usually economically justified, and gives better control results, is valid 
for non-invariant systems. Invariant control systems are intended to 
achieve a high degree of separation of the products! With high-purity 
products the sensitivity of quality analysers may be insufficient for 
control of the process. In this case it is necessary to take a sample from 
a control plate, on which the variation in composition may be several 
dozen (20-50) times greater than directly in the product. As the paper 
explained, the distribution of concentrations of a highly-volatile sub¬ 
stance at constant product compositions up the height of the column 
is not constant, but depends on the mode of operation. Therefore, in 
appropriate cases it is necessary to introduce automatic correction of 
the composition value on the control plate assigned to the controller, 
to ensure that the composition of the products remains constant in 
any mode of operation. In many cases, but this is not obligatory, the 
control plate is located in the middle of each section of the column. 
The positioning of the control plate depends on the physico-chemical 
properties of the mixture being fractionated and the mode of operation. 
The term ‘control’ is applied to any plate, irrespective of its position, 
which is most favourable from the point of view of a sufficiently great 
variation of the composition or temperature of the medium and satis¬ 
factory dynamic characteristics of the control channels. However, if the 
pulse for control is obtained directly from the composition of the end 
products and not from a control plate, not only is the signal to the 
controller reduced (thus necessitating a more sensitive and accurate 
composition analyser), but the dynamic characteristic of the system 
is also impaired, since considerable delays occurring in the condenser 
or the column still are included in the control circuit. 

(c) The approach to the calculation of invariant control systems 
for the rectification process, and the calculation of the dynamic char¬ 
acteristics of disturbance correctors, are examined by the author in 
Khimicheskaya promyshlennost. No. 12, 1963. 

P. S. Buckley, Design Division^ E,I, du Pont de Nemours &. Company^ 

Wilmington 98, Delaware, U.S.A, 

(1) The theory used by the author is similar to that employed by many 
others. He assumes an idealized column for a binary distillation with 
a tray efficiency less than 100 per cent. Whether he linearizes the 
individual tray equations is not clear. If he solves the equations in 
non-linear form, then he is one of the few to do so apart from workers 
at the University of Florida. 

(2) I do not agree at all with the author on the choice of ‘control’ 
trays. Contrary to his statements, it is not only possible in many cases 
to control from terminal compositions (i.e., at the ends of the column), 
but it is better to do so. Many actual columns are controlled from 
terminal compositions. 

(3) I agree with many, but not all, of the features of the author’s 
proposed control scheme. 

(a) It is usually not physically possible to manipulate feed rate to 
control the column. The feed rate is usually an independent variable 
as far as the column is concerned. The column must take what it gets 
from previous steps in the process; alternatively, feed rate may be 
determined by downstream material balance requirements. 

(b) The author makes no provision for controlling cooling water 
flow rate. It should be manipulated either by the column pressure 
controller, or other source depending on application. 

I. V. Anisimov, in reply 

(1) The translation is at fault in this instance. 

(2) The comment that the theory employed by the author is analo¬ 
gous to that used by many authors is incorrect. Consideration is not 


given to an idealized column with efficiency below 100 per cent, but 
to non-linear equations taking account of the kinetics of mass exchange. 
The equations take into consideration the relationship of the values 
of the mass exchange coefficients to the operating parameters. These 
relations are not included in the calculations of authors who have used 
either linearized or non-linear analogues with constant plate efficien¬ 
cies. 

(3) The comment on control of column feed rate has been answered 
in the reply to Professor Lamb. 

(4) Coolant speed control is not shown in the diagram. This prob¬ 
lem does not usually present difficulties and is therefore not examined. 


T. J. WiLUAMS, Monsanto Chemical Company, North Lindbergh Boule¬ 
vard, St, Louis 66, Missouri, U.S,A, 

The author states that the greatest changes in liquid concentration 
occur on the so-called ‘controlling* plates. This is true for relatively 
small changes in the input variables (all those considered in this paper 
are ± 5 per cent of the initial value). Our work indicates that the 
region of largest change can be transferred to the end trays whenever 
the desired separating ability of the column is exceeded, i.e., when it 
can no longer maintain the previously attained separations under the 
new conditions. 

We cannot agree with the second paragraph of Item 3 in the right- 
hand column of p. 302. Extensive computer and experimental work 
has shown us that a column can indeed be controlled from overhead 
and bottoms product composition measurements only. Such work is 
limited only by the ability of composition analysers to detect changes 
in product compositions. In fact, our work has shown that column 
dynamics are improved by end condition sampling. 

In reference to Item 5, right-hand column, p. 302, the presence or 
absence of mass transfer considerations should not affect the speed of 
propagation of vapour flow rate changes through the column, since the 
value of V is not calculated from a mass transfer influenced equation. 

Referring again to Item 5, right-hand column, p. 302, vapour phase 
composition changes are larger than liquid phase composition changes 
on a tray for the enriching section or part above the feed tray only. 
Liquid phase composition changes are usually larger for the stripping 
or lower section of the column. The deciding factor is the slope of the 
column operating line. 


I. V. Anisimov, in reply 

(1) It is fair to state that, where compensation in the working area of 
the plant is not possible, the heaviest variations in concentration on 
the plates of the column in the case of disturbances can take place on 
the end plate?. However, in this case no plant control system is capable 
of ensuring normal conditions. The paper naturally examines a plant 
in the range of normal operating conditions. 

(2) Naturally, control directly from the composition of the end 
products permits one to omit examination of the problems of the cor¬ 
relation of compositions on the control plates and of the products 
obtained. This is the advantage of the method. However, as Mr. Wil¬ 
liams said, to implement such systems it is necessary to have analysers 
with appropriate characteristics. I cannot agree that the acceptance of 
end-product concentration improves the dynamic properties of the 
column in the general case—^this is true for certain channels, not for all. 

(3) The paper asserts that delays in the variation of the vapour 
phase on any plate with a disturbance in the vapour flow, are slight. 
This is due to the speed of propagation of the variations in the vapour 
flow along the column and the variation of the number of transfer 
units KvIV on a plate. 
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D. W. T. Rippin, Imperial College, London, S.W. 7., England 

A new future of this paper is the inclusion of a plate efficiency which 
vanes with both the dope of the equilibrium line and the vapour boU- 
up rate. Is the variation of these two parameters alone sufficient for all 
operating conditions considered by the author? 

In the strady state. Figure 6 suggests the existence of two stable 
operatmg points for a specified output from the given column. Does 
the author claiin that eqn (9) remains valid with the same values of 
film transfer coefficients § eqn (11) for a threefold increase in boil-up 
rate and a consequent sixfold increase in liquid flow in the upper part 
of the column as Figure 6 suggests? 

In tlw dynamic case, is eqn (9), derived by assuming constancy of 
vapour flow and overall mass transfer coefficient, used to evaluate the 
column when both of these quantities may 

Can experimental results be presented to justify the author’s method 
o representing tray efficiency over a very wide range of static and 
dynamic conditions? 


I. V. Anisimov, in reply 

(1) fa our view, at the present time the representation of the overall 
coefficient of mass transfer on the plate in the form of a function of a 
tangent to the angle of inclination of the equilibrium curve and partial 
(phaw) coefficients of mass offtake makes it possible (taking into ac¬ 
count the motive forces of the process) to interpret the process of mass 
ex^ange on a plate over a sufficiently wide domain of normal condi- 

(2) There is no need here to assert that, to ensure the ambiguity for 
the composition of the end products, the static characteristic with the 

r equations for the 

parml coefficiente of mass offtake remains the same. A necessary 
condition of ambiguity is (in the absence of off-carry), satisfaction of 
the inequality: 

As exiwriments showS ambiguity of the static characteristic has 
^n faimd m a trial on an industrial plant. The data in the paper ex- 

S should be noted that the second 

point of the static characteristic equation also differs to a far lesser 
de^e m the magnitude of v from the first; this depends on the nor mal 
of plant chosen at the design stage. 

A ® eqn (9), it should be noted that it is a definition of 

the efficiency of the plate in bpth the statics and dynamics of the plant 
“ possible that the essence of Dr. Rippin’s comment concerns 
the quesuon whether it is correct to use in the calculation of the 
transient behaviour the mass-emission coefficient obtained by pro- 
^mg static experiments. Here one may cite S. M. Teager® who show- 
that evidently mertia linked with the actual process of mass transfer 
hawW follovra that the use in calculating transient be- 

hawour of equations for the mass-emis<ion coefficients cannot lead to 
major errors. 
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The most remarkable aspect of Mr. Anisimov’s paper is the strong 
dwrease of tray efficiency when the vapour load increases. What tyoe 
of tray does he use ? 

In the literature, one often sees that tray efficiencies are rather 
independent of vapour load, or they increase when the vapour load 
increases * **. 

® decrease of efficiency when the vapour load increases, 
then this is generally attributed to entrainment. However, entrainment 
m^s contect between the liquid hold-ups of the trays, which leads to 
a different dynamic model of the column. I would like to hear Mr Ani¬ 
simov’s comment on this problem. 
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!♦ V. Anisimov, in reply 

It rnust stated that the relationship between the efficiency of 
contact plates Md the performance parameters, as emphasized^ needs 
date ***^**^^ literature on these questions contains contradictory 

fa our paper we used the findings of Soviet researches into the 
efficiency of mass trMsfer on mesh, cap and gap plates^-' on a series 
ot wpenments with industrial columns®, and also using the A.S.Ch E 
method. 

^ these researches show that, over a sufficiently wide range of V 
for the ovmll coefficient of mass transfer on a plate, the necessary 
(without off-carry) condition of reduction of the efficiency of mass 
transfer is satisfied: ^ 

^(^)<« 

Nah^y, off-carry can also cause a reduction in the separating power 
ox the colimn, and to take it into account alters to a certain degree 
the form of the transient equations. 
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Controllability and Allowable Compressor Capacity 
of a Flare Gas Recovery System 

F. J. KYLSTRA 


Summary 

A flare gas recovery scheme is described in which a compressor takes 
suction direct from the flare gas system, without a gasometer being 
interposed. There are strict requirements as to maximum and minimum 
pressure in the flare line and stability of operation. In consequence of 
the dynamic lags in the pressure control loop, these requirements 
set an upper limit to the compressor capacity, which must be known 
to design the system properly. 

The analysis features drastic simplifications while retaining the 
essential characteristics of the problem, and yields a relatively simple 
expression relating the maximum allowable compressor capacity to a 
few important parameters. 

Sommaire 

On d^rit sch6matiquement un systoe de r^up^ration d’ac6tyl6ne, 
dans lequel un compresseur est reli6 directement au r&eau d’ac6tyl6ne 
oh il aspire sans interposition d’un gazomhtre. II existe des conditions 
trhs strictes quant aux pressions maximale et minimale admissibles dans 
le r^seau v^hiculant Fac^tylhne et quant k la stabilit6 de fonctionne- 
ment. Par suite du d6phasage dynamique qu’introduit la boucle d’as- 
servissement de la pression, ces conditions imposent une limite sup6- 
rieure k la capacit6 du compresseur, capacity qui doit 6tre connue 
pour permettre de concevoir un systhme judicieux. 

Uanalyse n6cesslte des simplifications radicales et ne tient compte 
que des caract6ristiques essentielles du problhme; elle conduit k une 
relation relativement simple entre la capacity maximale admissible 
pour le compresseur et quelques paramhtres importants. 

Zusammeitfossung 

Es wird eine Abgaswiedergewinnung beschrieben, bei der ein Kom- 
pressor ohne Zwischenschaltung eines Gasometers unmittelbar vom 
Abgassystem (zur Fackel) absaugt. Fiir den grofiten und den kleinsten 
Druck im Abgasrohr und fUr die Betriebsstabilitflt gibt es strenge Vor- 
schriften, Wegen der dynamischen Verzbgerung im Druckregelkreis 
stellen diese Vorschriften eine obere Grenze fiir die Kompressor- 
leistung dar, die bekannt sein muB, damit man das System richtig ent- 
werfen kann. 

Die Untersuchung ist stark vereinfacht, enthalt aber die notwendi- 
ben Eigenschaften des Problemes und ergibt einen relativ einfachen 
Ausdruck flir den Zusammenhang der grdBten zulassigen Kompressor- 
leistung mit einigen wichtigen KenngrdBen. 


Introduction 

Refineries and petrochemical plants usually produce considerable 
quantities of waste gas, either continuously as an inevitable 
by-product of normal operation, or incidentally as a result of 
off-normal operating conditions (discharge of safety valves). 
For a long time it has been normal practice to bum this gas in a 
flare. However, in several countries the ‘eternal flame’ seems 
to be losing its romantic appeal, and is more and more looked 
upon as a cause of air pollution: laws are enacted to restrict 


flaring. Therefore, it is very desirable or even necessary to avoid 
any waste gas reaching the flare, except under emergency condi¬ 
tions. Moreover, the high calorific value of most of the waste 
gas may even make the arrangement for its recovery and sub¬ 
sequent use as fuel gas an economical proposition. 

One possible flare gas recovery system comprises a com¬ 
pressor pumping gas direct from the flare gas system into the 
fuel gas system, without a gasholder being interposed {Figure 7). 



Figure /. Simplified diagram of a flare gas recovery system 


The investment involved in this recovery system depends 
largely on the size of the compressor, whose capacity is generally 
determined by non-technical arguments (economics, air-pollution 
hazard). On the other hand, operational requirements (e.g. 
safety, stability) set an upper limit to compressor capacity, which 
may make an otherwise desirable optimum unattainable. 
Therefore, in an early stage of design, the dynamic behaviour 
of this system has to be analysed in order to find the limiting 
factors and to indicate roughly the restrictions they impose. 
The present paper discusses such an evaluation. 

Statement of the Problem 

From the flare gas system, represented by the single volume V 
{Figure 7), gas is pumped into the fuel gas system. Gas supply 
is an independent variable, i.e. the recovery system must be 
capable of properly handling any quantity of waste gas that 
happens to be released by the plant. 
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For safety reasons P has to stay within strict limits P„an and 
(e.g. 6 m. and 12 in. wg). These are determined according 
to the requirement that P must be very close to atmospheric 
pressure, but that under no circumstances should ambient air 
be permitted to leak into the flare gas lines. 

Pressure is controlled by a valve in a by-pass over the com- 
preMor, primardy for protection against too low a pressure 
L ^ ^mas a water seal breaks through to the flare. 

There may be an advantage in having the compressor speed set 
y system pressure. This adds to the corrective action of the 
^ compressor is expected to respond too 
slowly to rapid pressure fluctuations to exert the primary 
control function. piunary 

V^ious arrangements are possible for the joint operation 
of valve and compressor: 

(a) Compressor speed constant; fuU response of the valve 

Sc 

p) Compressor speed varying with system pressure, (i) with 

valve and compressor [Figure 2(b)] and 
00 with overlappmg ranges [Figure 2(c)l 

The simplest version is that without a normal pressure 
controller, proportional action being provided by the transmitter 



alone. The effect of additional derivative action will be con¬ 
sidered later in this paper. 

Pressure in the fuel gas system is high (e.g. 65 lb./in.®g) and 
is controlled independently. 

One of the factors that put an upper limit to the allowable 
capacity of the compressor is the dynamics of the control 
system, in particular the response of the control valve to a fast 
decrease in pressure. If the compressor is too large, an abrupt 
stop of l^e gas supply (which in practice frequently occurs) 
may be followed by the flare gas system being exhausted before 
the control valve can be actuated. Hence the speed of con- 
taol, together with the poorest operating conditions, will 
determme the permissible compressor capacity. For any control 
system, stability is an obvious requirement. 

With these criteria in mind, the following questions must be 
answered: GivOT a conventional pneumatic control system, what 
factors determine its speed? How does the maximum allowable 
coinpressor capacity depend on the system parameters? Which 
of the proposed modes of operation of compressor and control 
valve is the best? 

In principle it is possible to study the problem by means of 
a complete simulation on an analogue computer, but this is 
hampered by the fact that: (a) numerical values of dynamic 
parameters of the system components are not known, or not 
accurately enough, and (b) the number of parameters and their 
yanability are so large as to make very time consuming, if not 
mposible, a general solution by means of an investigation over 
the whole field of possible values. 

Fortunately, realistic approximations are possible that even 
allow of anal 3 ^c treatment of the questions concernin g com¬ 
pressor capacity. 

Preliminary Consdderations and Simplifications 

Pressure in the flare gas system will be stationary if: 

Ps+Pv-Pc-Pf=0 ( 1 ) 

where F, is the flare gas supply (mV^), F„ is the gas flow 
through the control valve (m V^), F, is the gas flow through the 
compTOsor (m^s and Ff is the gas flow through the flare 

Since all pressures are close to atmospheric, volumetric flows 
are equivalent to mass flows. 

Stadying the response of system pressure F to a step disturb¬ 
ance m net flow, caused by an abrupt stop of flare gas supply, 
one starts from an initial steady state: 




Ps=Pc^P, 


cO 




( 2 ) 


figure 2. Steady-state responses of valve and compressor flows to 
system pressure 


(f^co is the maximum flow through the compressor). This will 
represent about the most adverse situation that may arise in 
practice. 

According as the compressor is larger it wUl respond more 
sluggishly to the resulting pressure decrease, and one may 
assume that this response has no appreciable influence on 
pressure during the time the control system requires to actuate 
toe vdve. Hence, for the time being, attention will be confined to 
me limiting case of compressor speed not responding'at all. 
Furthermore, the ratio between compressor input and output 
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pressure will change so little, that its influence on the flow may 
also be neglected. Consequently, one takes the compressor flow 
constant at its maximum value Fco* 

The valve characteristic is assumed to be linear; in the final 
results this will be extended to the case of an exponential valve 
characteristic. As the pressure drop over the valve is supercritical, 
the flow for a given opening is independent of the pressure 
in the flare system; pipeline resistances are neglected. Hence, 
one can express in relation to system pressure in the steady 
state, as: 

(3) 

where is the maximum flow through the valve, x is the frac¬ 
tion of maximum valve-stem travel, Fc is the static system pres¬ 
sure at which the valve is just closed (F^ = 0), and Pq is the 
static system pressure at which the valve is just fully open 

Figure 3 shows the general behaviour of pressure in response 
to the previously defined step disturbance. It can be made 
plausible, even for an unstable system, that the first pressure 
minimum is the lowest attainable by this or any other disturbance, 
so that it is the determining factor for the answer to our problem. 
Besides, it depends only on that part of the valve characteristic 
for which 0 ^ ^ Fco (in the minimum F^ « Fco). 

Dynamic behaviour of the control loop will be considered 
linear. This implies that pilot-valve capacities will be chosen so 
as to avoid output flow saturation, and that a valve positioner 
will effectively reduce the effects of friction in the valve. To 
increase the speed of response these measures must be taken 
anyhow. 

Because at this stage it is not intended to introduce too 
many parameters—^which anyhow are not yet known—one 
makes a further simplification. It is observed that, in the picture, 
pressure presents a predominantly constant-rate signal during 
the initial fall from F^^x ^min Jh response to such 

a signal any linear system with finite steady-state gain (no pure 
integration) behaves like a pure distance-velocity lag after the 
transients have died out. The magnitude of this time lag can 


PRESSURE 



Figure 3. Pressure P as a function of time after a step disturbance of 
magnitude Ff^^ in flare gas supply, withF^ as the only correcting condition 


be found from a measured constant-rate response or from a 
series expansion of the relevant transfer function F (s). If, for 
small values of s, one may write: 

then 

Ta=ai 

Hence, for this purpose the transfer function from system 
pressure F to valve-stem position x may be replaced by a single 
distance-velocity lag By this substitution the possible reso¬ 
nance effects in sub-loops of the system are neglected, which 
will be justified at the end of the analysis. In general, both 
amplitude ratio and phase shift of the distance-velocity lag will 
be larger than in the actual system, which tends to make the 
results conservative, as far as allowable capacity is concerned. 

Analytic Solution 
Stability 

The problem, thus stripped of most of its complications, 
now yields easily to an analytic treatment. Considering small 
deviations from equilibrium, one finds 

VAP=P,^iAF,dt (4) 

AF, -■P.op^ (5) 

where 

P,(t)=P(t-T^ (6) 

I 

From this one may write the open-loop transfer function G (Joy) 


as 

i.T. 

where 

(7) 

II 

O 

(8) 

[see also Figure P(a)]. 

Putting G (Jo>) = — 1 one finds 


ultimate frequency: co„=nl2Ti, | 

ultimate period: =2jt/(o„=4Tj | 

ultimate gain: jK„=(»„Tj=3t/2 J 

(9) 

To ensure reasonable damping of the system it is required 
that K ^ V 2 •K'u- Hence it is found that the following practical 
stability condition 

TT _ ^vO ^ A. 0 

(10) 


This condition is independent of the compressor capacijty F^q. 

Eqn (10) was derived for small deviations from equilibrium, 
i.e. for linear responses. Its validity for large deviations may be 
restricted by non-linearities in the loop. The principal non¬ 
linearity present in the loop, however, is the limitation on valve 
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throughput, which tends to decrease the efifective loop gain at 
larger amplitudes. Hence condition (10) is sufficient, also at 
large deviations. 


Minimum Pressure 


Now the first minimum in the pressure response to a step 
disturbance as specified previously is calculated. Equating this 
minimum, which is a function of several parameters, to the 
prescribed Pmin will give another necessary condition for the 
parameters. 

As the valve will not respond to any pressure P > P^, the 
calculation may be started at f == 0, when P = Pc* Similar to 
eqns (4) and (5) one has 

F(P,-P)=P.bs£(F,o-J’Jdt (11) 

(Po^P.^Pe) (12) 

Upon the introduction of dimensionless variables 


' Pcoi*c--Po 





these equations yield 


where 



(i+p?)d» 


P*(S)=P*(®_1) 


(13) 


(14) 

(15) 


and K is defined by (8). 

With the initial condition P^* = 0 for d :< 1, the solution 
to (14) can be shown to be 


-P*="l ^^(S-fc+l)* for M:S«<n+l (16) 

The value P^in of the first minimum of this function has 
been calculated for different values of the parameter K; the 
results have been plotted in Figure 4. It turns out that P£can 
be readily approximated by the following relationships 

P*i,= -1 for K^O^S 

P«i„=-y--K for XS:0.5 

Eqn (17) is exact for K'^ 1, The maximum error occurs at 
K = Vs* where eqn (17) gives P^^ — — 1 instead of —1*04. 

Figure 4 contains all the necessary information for deter¬ 
mining the maximum allowable value F^^ au of Pco- From 



P -P . 

* c * min 


i’c-Po 


(18) 


and eqn (8) one may derive 



K V P-Pmln 
Pd Puh& 


(19) 


where —Pmm l^^is to be taken from eqn (17) or Figure 4. 

The highest possible value of aii Is realized by choosing 
Pc = Pmax and K == 0*8 (practical stability limit). 

Upon substitution in eqn (19) one finds 

( 20 ) 

^d ^ abs 


where K — 0*8 and Pq = Pmax. 


•Pmin 



Figure 4. Minimum pressure after a step disturbance of magnitude P^^ ^.n 
(linear valve; points calculated with eqn (16)) 


Further Results 

Resonance Effects in Sub-loops 

A single dead time has been introduced, neglecting the 
possible resonance effects in sub-loops of the system. This is 
allowed only if the resonance frequency of any sub-loop is an 
order of magnitude higher than the resonance, frequency of the 
main loop. For a loop consisting of a pressure transmitter, a 
valve-positioner and a 4 in. valve, == 6 sec seems a realistic 
estimate.' This makes = 4 = 24 sec, which indicates an 

order of magnitude of P„, that is long enough to make the 
effect of resonances in the sub-loops negligible. 
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Equal-percentage Valve 

The use of an equal-percentage valve instead of a linear 
valve has some disadvantages, related to stability and speed of 
response. Together they bring about a substantial decrease of 
the maximum allowable compressor throughput. 

From inspection of the stability condition (10) one finds the 
important factor 

■^t>0 


Letting primes denote parameters associated with the 
substituted linear valve, one has 


P|i0 Pc -^min_ 0 D* 

1 

o 

(25) 

Fc,m p;-Po 

Pc, all 

jj't PyO^d P&hs 


(26) 

1 

1 

o 






which is the slope of the linear valve characteristic. In the case 
of a standard equal-percentage valve (rangeability 1:50) this 
must be replaced by the maximum slope of the corresponding 
exponential characteristic 

F„=P„o exp ^-3-91 (21) 

Hence the practical stability condition will become 


^ FyO^d Ffihs 

- V P,-Po 


7C 1 


= 0-2 


( 22 ) 



Figure 5. Characteristics of an equal-percentage valve and an equi¬ 
valent linear valve 


For estimating the exponential valve characteristic is 
linearized, which enables one to make use of the results of an¬ 
alytical solution. Replacement of the exponential characteristic 
(21) by a linear one, as indicated in Figure 5, and determination 
of Pc', so as to make the areas under the two curves equal, 
yields the result 

P',<^^(P,+Po) (23) 

In the case of a constant rate disturbance (dP/df — c) this will 
make 



equal for the two types of valve. 


Upon substitution of P^Jn and K' in eqn (17) one finds the 
corresponding equation for the case of an equal-percentage 
valve 


P 


* = 
min 


2 


1 F.0 

2 Pc, all 


for 



1 

2 Pe.all 


for 


p:^o-25 

K^O-25 



For P,wi = Pc .11 this formula was checked by analogue 
computer experiments with the true exponential valve character¬ 
istic, eqn (21). In spite of the drastic linearization applied in 
deriving eqn (27), the correspondence was surprisingly good 
{Figure 6). 

To deter mine the maximum allowable compressor capacity 
P^ for a system with an equal-percentage valve, one may 
now again use eqn (19) together with Figure 5. On maximizing the 
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right-hand side of eqn (19) it is found that 

(28) 

■^d •* abs 

where K = 0-2, = Pmax, and P«o = an- 

This formula indicates a threefold reduction of aii> as 
compared to the system with a linear valve, eqn (20). 


Derivative Action 


whose solution may be written as: 


B + l 
Jk*l 


i-K'f 

k\ 



d 


where 


for n^d'^n+1 



( 31 ) 


The insertion of a PJO-controller has its influence on both 
stability and minimum pressure. Let D be the derivative action 
time; the proportional gain constant of the controller was 
already included , in jRT, eqn (8), by means of the factor 
FJ(Pc - Po). 

For a conventional controller with ‘tame’ derivative action 
(i.e. with finite high-frequency gain) the open-loop transfer func¬ 
tion, eqn(7), changes to: 


G(;co)=iC 


JcoTi l + j( 0 (xD 


(a=0-04-0-15) (29a) 


At the practical stability limit: 



K=^K{l-ocA') 


the first minimum of this function has been determined 
as a function of A'. The result is shown in Figure 8, in a form 


This expression may be reduced to the form for ideal derivative 
action by incorporating the small time constant ocD in the 
overall distance-velocity lag: 


where: 


GU(o)^K'-^—{l + j(oD) 

J(oT^ 


TJl=Ta+aD 



(29b) 


From (29b) the ultimate gain K'^, is easily calculated as a 
function of D/Ta, see Figure 7. 

The minimum pressure condition must now be determined 
from eqn (30): 

P*= -X'^l+p*+. (30) 


ku 



Figure 7. Ultimate gain as a function of derivative action time^ caUcu^ 
latedfrom eqn (29 b) 



Figure 8. Numerical factor in eqn (19), as a function of derivative 
action time 


that affords direct determination of the optimum value of A'. 
At A' = 0 (ho derivative action) one finds the previous result 
^iSin = 0*61 [see eqn (20)]. With ot = 0 (ideal PD- 
controller) one finds the optimum at A' = 0*55: 


-|^=0^807(a=0) 

D=0-S5Ta 

K=o-m 


(32) 


With « = O’l (real PD-controller) the optimum is at A' — 0*46: 


-^=0*765(«=01) 

K=0-755 


(33) 


In conclusion one may state that the addition of derivative 
action increase Pc>aii 25 per cent approximately. The 
derivative action time should be about half the previously 
defined distance-velocity lag. 
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Variable Compressor Speed 

To reduce operating costs, the automatic adjustment of 
compressor speed to flare gas supply may be attractive. To some 
extent this would alleviate the task of the valve, yet for reasons 
of safety one holds to the requirement that the action of the 
valve alone must suffice to secure Pmin. Consequently, the 
previous results need modification only to the extent that the 
response of the compressor affects the stability of the system. 

Considering the case of split-range operation [Figure 2(b)] 
the minimum-pressure condition, eqn (19), and the stability 
condition, eqn (10), are valid. In addition, one now has the 
requirement of stability for the compressor in its range of 
operation, which puts an upper limit to Pg, and this affects the 
value of Pg, an by virtue of Pc < Pa < -Pmax- 

In order to get some idea of this effect a particular case was 
calculated [Figure 9(b)], Assuming for the compressor a domi¬ 
nant first-order response, with a time constant Tc 5 
together with a distance-velocity lag equal toTa for the remainder 
of the loop, it was found that split-range operation of valve and 
compressor would require a choice of Pg, and thus of Pc so as to 
reduce P^, an ^ factor of 2*2, at least. 

As an lustration of the effect of overlapping ranges [Figure 
2(c)], take the particular case that valve and compressor oper¬ 
ate completely parallel in the range P^m ^ P ^ Now 



(a)C0MPR£SS0R SPEED CONSTANT,VALVE OPENING 
VARIABLE 



(b) COMPRESSOR SPEED VARIABLE, VALVE CLOSED 



(c) PARALLEL OPERATION OF VALVE AND COMPRESSOR 
Figure 9. Block diagrams of system dynamics 


the minimum pressure condition, eqn (19), is still valid but the 
stability condition for K has to be derived again for the system 
represented by Figure 9(c), As a result, P^^aii comes out only 
slightly (3 per cent) lower than with a constant compressor 
speed. Consequently, for a fixed compressor capacity Pco < Pc,aii 
the arrangement with overlapping ranges will show more stable 
and safer operation than with split ranges. 

Although these results, derived for a specific example, are 
not general, they strongly suggest that the arrangement with 
overlapping ranges is to be preferred if the compressor speed is 
variable. However, when the installation of maximum compres¬ 
sor capacity is actually considered, the correct value of F^^ 
must be established by a special case study based on a more 
detailed analysis of the dynamics of the compressor and the 
other components in the loop. 

Conclusions 

(1) The dynamics of pressure control in a flare gas recovery 
system (Figure 1) have been analysed in order to determine the 
maximum allowable compressor throughput under the require¬ 
ment of stable operation and strict limitations on pressure 
variations. 

(2) Pressure in the flare system is best controlled by a valve 
in a by-pass over the compressor. This valve should have an 
effectively linear flow characteristic. 

(3) To obtain a conservative estimate of the maximum allow¬ 
able compressor throughput, Fc^ ^u, the dynamics of the pressure 
control loop may be approximated by a pure distance velocity 
lag r<g. This lag can be foimd from the response of valve stem 
position with a constant-rate input to the pressure transmitter. 

(4) If the compressor runs at a constant speed the maximum 
allowable capacity is given by 

(34) 

* d -^abs 

(5) To reduce the value of all individual time lags in the 
control loop should be kept as small as possible. In particular, 
the possibility of flow saturation of a pilot valve should be 
excluded, and valve stem friction should be small. 

(6) The above value of F^^ aii wiU be about 25 per cent larger 
if a PZ)-controller is used with a rate constant D ^ 0*5 7^. 

(7) If the compressor throughput is made to vary along with 
system pressure, F^^ will in general be lower than indicated 
by eqn (20). This reduction of au “lay be significant in case 
of split-range operation of compressor and by-pass, but it is 
almost negligible if the ranges overlap. However, no general 
results have been obtained for these cases. 


Nomenclature 

D Derivative action time constant 

F^ Volumetric flow through compressor 

Pi, all Maximum allowable value of Fq 
PgJ) Maximum value of 

Ff Volumetric flow to flare stack 

Pg Volumetric flare gas supply 

F Volumetric flow through by-pass 
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Maximum value of 

-Pm ax 

Maximum allowable value of P 



■Pmln 

Minimum allowable value of P 

A 

V Pc-Pc 

Gain constant of compressor dynamics 

Pmin 

_ PvO P min ~ PQ 

•PcO Pc ~~ Po 


Ultimate gain 

Po 

Pressure at which by-pass is just fully open 

J 

V~1 

Ps 

Pressure at which compressor throughput is minimum 

P 

Pressure in flare gas system 

Ta 

Distance-velocity lag 

P abs 

Absolute pressure in flare gas system 

Tu 

Ultimate period 


Pressure at which by-pass is just closed 

V 

Volume of flare gas system 

Pc' 

Pq for a substituted linear valve 

X 

Valve stem position 

Pa 

P(t-Ta) 

CO 

Circular frequency 


DISCUSSION 


VAN Russen Groen, Netherlands 

In the article by Mr. Kylstra continuous control is considered. The 
maximum capacity of the compressor as calculated by Mr. Kylstra is 
in fact limited by: (a) The slow response of the speed of the compressor 
when a speed control is used, {b) The time lag of the pressure controller 
and by-pass control valve. 

I would like to ask Mr. Kylstra if discontinuous multi-step control 
of the compressor capacity has been considered. A large displacement 
compressor normally has quite a number of cylinders. The capacity 
of each cylinder can easily be switched off by lifting the corresponding 
inlet valve to that cylinder. This control is very fast. The device can 
be supplied by almost every compressor manufacturer at relatively 
low cost. A multi-step pressure controller can switch on the capacity 
of all the cylinders in sequence. 

The function of the by-pass valve can then be limited to the case 
in which the compressor is working at zero capacity, when all the inlet 
valves of the cylinders are lifted and the pressure P is still too low. 

The advantages of this system are: (n) Fast response, {b) Economy; 
no more capacity is asked from the compressor than is needed, (c) The 
maximum compressor capacity is not so strongly limited as in the case 
of continuous control, (d) More than one compressor can be used, 
all the compressors working in sequence. In cases of failure of a com¬ 
pressor, the system will continue to function at reduced capacity. 


F. J. Kylstra, m reply 

The system suggested by Mr. van Russen Groen deserves full attention 
when it is considered that a variable compressor should be employed, 
and I agree, in general, with the advantages which he has listed. It 
seems to me, however, that pressure control by this means would at 
best be comparable to pressure control by means of a valve in the by¬ 
pass round the compressor, and in a practical system one would like 
to include such a valve anyway, if oily as a safeguard against mal¬ 
functioning of the compressor regulator. 

The flare gas recovery systems that have been installed to date fall 
into two categories: 

(1) Systems designed to restrict flaring to a minimum because of 
public relations. These systems generally comprise a gasometer to 
reduce the peak loads on the compressor. The compressor is of the 
rotary type with a controllable electric drive^. 

(2) Systems where economic considerations prevail. These are often 
designed to recover only the continuous part of the flare gas flow, and 
compressor capacity is only a small fraction (between one part in thirty 
and one part in fifty) of the maximunpi allowable capacity. The com¬ 
pressor is of the reciprocal type, without speed control. 

In none of these systems is the speed of response a limiting factor. 

Reference 

Bruidern, I. P. Erddl und Kohle, 15 (1962), 4, 289 


316 



Analysis and Design of a Parameter-Perturbation 
Adaptive System for Application to Process Control 

T. ISOBE and T. TOTANI 


Summary 

With the intention of obtaining a self-adaptive process control 
system, a simple parameter-perturbation system is treated. An 
analysis is developed to establish a design method of such systems. 
First, the lag of the mean-squared error variation of a second-order 
system behind the parameter variation is formulated. Second, the 
dynamic behaviour of the self-adjusting loop is formulated by taking 
a sampled-data model of the loop, and the variance of the parameter 
fluctuation in a steady state is also estimated. It is found that a 
bandpass filter in the loop improves the performance. Experiments 
were performed to control an actual flow process to prove the applica¬ 
bility of the self-adjusting system, and the results were satisfactory, 
supporting the analysis in each case. 

Sommaire 

En vue d’obtenir un systdme auto-adaptatif, on traite un systoe k 
paramStre perturbateur unique. L’analyse de tels systtoes est effectu6e 
pour d^velopper une m^thode de calcul. D’abord, on formule le 
retard entre la variation de I’erreur moyenne quadratique d"un 
systdme de second ordre et celle du paramtoe. Ensuite, on formule le 
comportement dynamique de la boucle auto-adaptative en se basant 
sur un modele 6chantillonn6 de cette boucle. Enfin, on lvalue la 
variance de la fluctuation du parametre en regime permanent. On a 
trouv6 qu’un filtre passe-bande mis dans la boucle en modifie la 
performance. L’applicabilit6 de syst^me auto-adaptatif a 6t6 exp6ri- 
ment^e sur un processus k teoulement; les r^ultats obtenus coincident 
avec ceux de I’analyse d’une maniere satisfaisante. 

Zusammenfassung 

Mit dem Ziel, ein selbsteinstellendes Verfahrensregelsystem zu ent- 
werfen, wird ein einfaches System behandelt, das Parameteranderun- 
gen ausgesetzt ist. Die Untersuchung ermittelt fUr ein System 2. Ord- 
nung zunachst die Verzdgerung zwischen der Anderung des Para¬ 
meters und derjenigen der mittleren quadratischen Abweichung, dann 
wird das dynamische Verhalten des ubergeordneten Selbsteinstellungs- 
kreises anhand eines Abtastmodells bestimmt. Es folgt eine Ab- 
schatzung der Varianz der Parameterschwankungen im Beharrungs- 
zustand. Dabei zeigt sich, daB ein BandpaBfilter im Selbsteinstellungs- 
kreis das Verhalten verbessert. 

An einer bestehenden DurchfluB-Regelanlage wurden Versuche 
durchgefuhrt, um die Anwendbarkeit des selbsteinstellenden Systems 
zu prtifen. Die Ergebnisse bestatigten in jedem Falle hinreichend die 
Voraussagen. 


Introduction 

A number of ingenious proposals have been made for self- 
adaptive control systems whose parameters are self-adjusted to 
compensate for signal or system variations. When these schemes 
are applied to a practical process control system, effectiveness 
and simplicity of the self-adjusting device become important 
factors. A trial and error method usually requires a rather large 


amount of hardware, even for simple control purposes^ while a 
parameter-perturbation adaptive system, such as treated by 
Douce and King^, as well as by Magrath, Rajaraman and 
Rideout®, generally has a simple adjusting device suitable for 
practical applications. With the intention of obtaining a prac¬ 
tical adaptive process controller, this paper treats a system of the 
latter type for determining the optimum setting. An analysis of 
the response of the self-adjusting loop is developed, and the 
results of several flow control experiments are described. 

Basic System 

Figure 1 shows the basic system. The part subjected to a 
parameter adjustment is a closed-loop system with a stationary 
random input. On the basis of the minimum mean-squared error 
criterion taken as a figure of merit for the optimum, the adaptive 
loop applies a small perturbation /dAT (a square waveform of 
parameter variation) to the system. Thereby the resulting varia¬ 
tion of the squared error as a signal measuring the performance 



Figure L Basic system: CS closed-loop control system ; 1 input ; 0 output ; 
K parameter; E error; SQ squarer; RF bandpass filter; SW syn¬ 
chronous switching; INT integrator; OSC oscillator; FF fiip-fiop 

of the system is passed through a bandpass filter, then is syn¬ 
chronously detected by switching. In one half cycle the signal is 
passed directly, and in the other half cycle with its sign reversed. 
The output is in turn integrated to derive the value of the para¬ 
meter K, to which the perturbation is added. 

Response of System to a Parameter Perturbation 

The lag of the closed-loop system response behind the para¬ 
meter variation is formulated for the purpose of determining 
how short the perturbation period may be taken for a satis¬ 
factory functioning of the self-adjusting loop. In this paper, the 
overall characteristic of the closed-loop system to which the 
stationary random input is applied is assumed to be of second 
order as approximation, and the variation of the mean-squared 
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error due to a change of its damping ratio is considered. In ap¬ 
plication to process control, the random input causing the error 
is a disturbance such as a load change. The same discussion 
results, however, if the disturbance is regarded as the input. 

Let the system and the input equations be given by 

y+2(coJ+(oly=co^x(t) (1) 

x+Xx — an(t) (2) 

where y(t) is the output of the system and x(t) the stationary 
random input, derived from a white noise n(f) by letting it pass 
through a low pass filter. And let the error be e = jr—y. By 
applying the method given by Laning and Batting simultaneous 
differential equations to be satisfied by the ensemble averages, 

x\ xyy xy, y\ yy^ y^ and for a noise of variable power or for 
variable parameters, are constructed and are treated on the as¬ 
sumption that 2/co,^ is sufficiently small that second or higher 
powers of it are negligible. The steady state value of for the 
stationary input gives the mean-squared error 




CO, 


4(^+1 

2C 


(3) 


which is minimum when C is equal to i. 

If a small variation is given to the damping ratio at 
this steady state, a small variation of the mean-squared error 
^ will result. Taking only the first differential of each term 
of the simultaneous equations, one obtains the following ratio 
of the Laplace transforms of these variations: 


^ _ Coen'S(41) CO^ 

AZ(s) co„ c (s+2 C(On)(s^ -h4CcD„s+4 coi) ^ ^ 

which may be regarded as the transfer fxmction of the closed- 
loop system for a small parameter variation. 

From this transfer function, one obtains the step response 


where 






g(0 


(5) 




4^^—3 1— 

+--—-5- cos 2 (1— co„t H-7==f sin 2 (1 

4 ( 1-0 4 cvr^ 




( 6 ) 

Figure 2 shows the function g(t). The response initially appears 
on the plus side for any value of f, then approaches each final 
value. One natural period of the system 7^ is a rough estimate 
of the time required to reach a new steady state. 

The frequency response function is also obtained as 


■ 2 [2 jC«+(4C^-l) 1 

AZ(jco) a>n Lf (jm+20(-«^+40‘m+4)J 

where u ~ a)/a)^. The full lines drawn in Figure 3 show constant 
f vector loci of the function inside the brackets of eqn (7), while 
the dotted lines show constant u loci. Since the constant u loci 
do not cross the real axis at the origin, the in-phase and the 
quadrature components of cannot simultaneously be 



made equal to zero, and if a phase shifter is used, the phase ad¬ 
justment should be made so that the quadrature component of 
the resulting signal is held constant for any value of C during 
the search for the optimum, rather than made equal to zero. 
When the shifter is not used, the perturbation period lOTij 
{u = 0*1; the phase lag = 11 is roughly the smallest value of T 
which should be taken. 

These responses were completely verified on an analogue 
computer by setting up the simultaneous differential equations 
stated above. Parameter f was varied both stepwise and 
sinusoidally. 


i 



Figure 3. Frequency response function plotted on the complex plane 


Response of Self-adjusting Loop 

The purpose of this section is to formulate the dynamic 
behaviour of the self-adjusting loop as a guide to the design. 

A sampled data model is taken because it is preferable to 
sample and hold the integrator output every switching cycle in 
order to avoid an unnecessary fluctuation of the derived para¬ 
meter during each cycle (especially for the case of a long per¬ 
turbation period), and also because the signal detection by 
synchronous switching is more reasonably treated in analysis by 
using the model. ; 

The block diagram is shown in Figure 4. The block Mfs) 
represents the closed-loop system with a perturbation signal 
AZ(s) and also with a parameter value 3{s) to be set. The 
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produced mean-squared error variation is the perform¬ 

ance measuring signal modulated by the perturbation. The sys¬ 
tem may therefore be regarded as functioning as a kind of 
square wave modulator of the measure. The fluctuation of the 
squared error about the average JNT (C, 0 = e^{t) — is taken 



Figure 4, Block diagram: Mis) square wave modulator; Fis) bandpass 
filter; Dis) demodulator; IjTiS integrator; Sis) parameter value 


into consideration as an input to the loop, and is shown in the 
diagram as The synchronous detection of the signal by 

switching, and the subsequent integration, are regarded as de¬ 
modulation. The signal is then sampled at the same periods as 
that of perturbation. 

Since the Laplace transform of the perturbation signal, a 
square wave of amplitude A C, is 


dZ(s)« 


1 




( 8 ) 


the output is obtained by substituting cqn (8) into 

eqn (4). If it is assumed that the dynamic response time of the 
measuring system is approximately negligible, as compared with 
the perturbation period (see Appendix III), this may be written as 


d0„(s)=2F-—• 

0)» 


4C^-1 1 

4C^ s 




(9) 


To simplify the analysis further, a variable f, the parameter 
misadjustment, which is a small deviation of f value from the 
optimum and is equal to — C» is introduced. Eqn (9) is thereby 
roughly approximated by the function 

where^ = 8 j^(A/co,04lC S 4 e* Jf.. 

As far as eqns (9) and (10) are concerned, a jump function, 
which varies only at the beginning of each period, may be taken 

for I or Sis) - 3*is) for Sjs, Then an equation is 

obtained, showing that Sis) may be considered as the input 
and A&^gis) the output of a linear element whose transfer 
function is 


The demodulator plus integrator transfer function is 
1 i-e-W")* 


J(5)D(s)= 




( 12 ) 


where l/Tt is the gain of the integrator. 


Tnel i itjip g the transfer function of the filter F(s), the open 
loop transfer function is denoted by G(s), and is equal to 
lis) Dis) F(s) M(s) (l-e-^*)/j- When the loop is closed by 
way of the sampler, the sampled output will be evaluated by 
the equation 

2(z)=j^^:^Z{/(s)D(s)F(s)JV(C,s)} (13) 


The Case Where the Filter is Not Used 

As a mftans of Obtaining the sampled output at the periods 
of r from eqn (13), using a power series expression of 5'(z) = 


S f „ z”™ and introducing the notations. 


m-0 


pmT 

■-J.' 


W(C,0dl 




(14) 


one obtains the difference equation (see Appendix I) 


(15) 

whose exact solution with an initial parameter misadjustment 


Parameter Approaching the Optimum —Since the second 
term of eqn (16) is random and is zero by taking the ensemble 
average, 


where 


s 

il 

o 


(17) 

n 

II 

(18) 


There are three regions of values for the period T which give 
different behaviours; 


(i) S m apiproaches zero monotonically for 0 < T< Ta> 

(i7) It approaches in an oscillatory manner for Ta<T< IT^. 
iin) It diverges for 2Ta<T. 


When exactly, 

for m^l (19) 

the parameter settles down to the optimum after one sampling 
period. For a small T, eqn (17) is approximated by 

( 20 ) 


The differential equation approximation suggests that the 
behaviour of the loop is described in a little more detail by the 
equation directly obtained from eqn (9) 


f_ /t 4F-1 
4T, 4C^ 


( 21 ) 
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with the solution 


where 


2f+l 


_ 2Co-l 

2Co + l 


The time constant Ta given by eqn (18) is required to be as 

( 22 ) short as possible, to make the parameter fluctuation ^*as small 
as possible. For making a compromise with the contradictory 
requirements imposed on the gain of the loop l/r<, a proposition 
that the magnitude of fluctuation should be of the order as 

the perturbation amplitude, may be reasonable; namely 


The two curves (A) wad (B) drawn in Figures are calculated 
from eqn (22), showing the maimer in which C approaches the 



Flgure^S. Marnier in which the parameter approaches the optimum 


optimum from the lower and the upper sides. The other two 
curves (C) and (D) calculated from eqns (20) and (17) 
are drawn for reference, though these equations are valid only 
for very small $ values. 

Variance of Parameter Fluctuation —Squaring eqn (16) and 
taking the average, the following equation is obtained which 
enables one to estimate the variance of the parameter fluctuation 
due to that of the squared error in the steady state; 



The last factor ca n be estimate d b y usin g the autocorrelation 
functioii ^„(T) = e\t) e\t+ry - e^(ty of the squared error 
fluctuation or its power density spectrum ^u(.(o). If it can be 
assumed that the perturbation T is sufficiently long that the 
autocorrelation function decays out in one period, it will be® 

iw-U'r'-fr'H 

.(24) 

where the value of 0„(O) is approximately | i g®* (see Ap¬ 
pendix II), estimated by assuming Gaussian distribution of the 
fluc^ation amplitudes of the error, the input, the output and 
their derivatives. The root of the variance is thus evaluated as 



where = 27r/ct)„ is the natural period of the closed-loop 
system. 


Then 


(26) 


11 

(27) 

and 



1 5 r. 




(28) 

For a 

typical numerical example, let 



k=l. ^C=0.1. r=.10r„; if =0.1, T,=124r (29) 

The integrator gain 1/TJ should be adjusted so that eqn (27) is 
satisfied all the time, if possible. 


The Case Where the Filter is Used 
A filter of the form 


F(s)=-, 


COqS 

+2y(OoS+coQ 


(30) 


with Oj adjusted to [1/(1 — In/T should be efiective to raise 

the signal-to-noise ratio. It has zero phase shift and a maximum 
gain equal to l/2y at the natural angular frequency Oq. The 
prope^ of a plus or a minus phase shift corresponding to an 
input frequenor change may give a means of controlling the 
phase. Using the notations. 




(31) 


where w(t) is the impulse response of the filter, one obtains the 
difference equation (see Appendix I) 


AHm+(2ny+(T^/2)A^„+a%=^(A +27vy)AlS„ (32) 
where <t® = (4/jz) (T/Tg). ‘ 

Parameter Approaching the Optimum—For a small T, being 
divided by 7^, eqn (32) is approximated by the differential 


equation of second order. 



(33) 

describing the manner in which i is improved as that of a damped 
oscillation with the natural period 


(34) 

and with the damping ratio 


^s.^—y(TJT)* 

(35) 
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A proper adjustment of the value of Cj.’ may give a smaller 
response time in the approach to the optimum than in the pre¬ 
vious case. 

Vanance of Purnnieter Fluctuation—Ox\ the same assumption 
as in the previous case, it is roughly estimated that 




4y ^"128^^ 


(36) 


To compare this with that given by eqn (25), one takes the ratio 
of the two values 



which shows tluil the filter is effective in reducing the variance, 
possibly by about one half. 

The filter thus improves the performance of the self-adjusting 
loop, both in quickness of response and in reduction in fluctua¬ 
tion. In a practical design, however, it is necessary to consider 
whether or not the complexity of a filter construction will balance 
its advantage. 


Application to h'low C:ontrol 

Applications of this self-adjusting system to process control 
have been aimed at. Itxpcrimcnts on flow control, performed to 
prove applicability, are described in this section. 

The e.xpcrimcntal arrangement is shown in Figure 6, An air 
flow system was formed of a pipe 8 m long and 50 mm in diam. 
with a blower, an oi'ifice and a butterfly valve. A vane was placed 
in front of the pipe outlet, to give a small disturbance to the 
flow. This vane was moved to clo.se it partly in an on-off manner 
at random periods with a relay connected to a low frequency 
noise generator. In some cases, sinusoidal disturbances were 
also given with another butterfly valve. 



Figures. Arrangement of flow control system: B blower; O onfltx, 
Vbiitterjlv imloe; M moving vane; T electronic flow transmitter; C self- 
adaptive controller; A electro-hydraulic actuator; Seine wave generator; 
N noise generator 


The self-adaptive controller was set up on a small-scale low 
speed analogue computer. Figure? shows an outline of he 
circuit, a part of which forms a controller connected to the 
process. An oscillator, a simple saw-tooth wave generator ^ 
a neon tube, frequency controllable by changing i s * 8 

voltage, actuated a relay which in turn drove a 
flip-flop causing sets of switching contacts to open and close fOT 
exactly equal time intervals. The integrated signal was smpl^ 
as a voltage and converted to a resisUnce with a servo multiplier. 


The experiments were performed, first, to examine the re¬ 
covery from a given initial parameter misadjustment, which was 
simulated by varying the initial charge on the integrator cap¬ 
acitor. Then the adaptability to a change of the proems gain 
was examined. The change was produced by varying the 
resistance R shown in Figure 7. 



Figure 7. Circuit of self-adaptive controller: SP setpoint; T flow trans¬ 
mitter; E error; C controller; PA proportional action; lA integral action; 
R variable resistance to change process gain; A electro-hydraulic actu- ' 
ator; SQ diode squarer; RF bandpass filter; G integrator; SH sampler 
and holding circuit; M servo-multiplier; OSC oscillator; FF flip-flop 


For all these experiments, the integral time of the controller 
was fixed at about 5 sec and the proportional gain was made 
the object of self-adjustment. The natural period of the control 
system was experimentally determined as about 1*2 sec, and 
the perturbation amplitude (one half of the peak to peak value) 
was AKIK = V 4 in the proportional gain ratio. 

Figures 8 (a\ (b) and (c) show some of the oscillograms taken. 
The comparison of each with the theoretical results follows. 

(a) The filter was not used. The two curves (aJ) and (a.2) 
show that the proportional gain was recovering from initial 
misadjustments, smaller and greater than the optimum respec¬ 
tively. The time constant Ta, with which the parameter ap¬ 
proaches the optimum, is estimated at about 100 sec from these 
curves. This value is coincided with the theoretical one cal¬ 
culated from eqn (18), where is estimated at 0*05 (10 V ob^ 
served, multiplied by the factor of the servo multiplier 1/200 per V) 
and AC is estimated at 0*3. The forms of curve also agree m 
appearance with theoretical ones, particularly (B) and (/L) m 
Figure 5. 

<b) The filter (y — 0*02) was used, and the sampler was 
omitted. The three curves ( 6 .i), (bJ) and (6.5) show the output 
of the filter, the error, and the proportional gain recovering 
from an initial misadjustment respectively, being recorded m 
parallel. The value of Tp read from the curve ( 6 .J) is about 
150 sec, and f „ about 0-15. They nearly agree with the thwretical 
values of 150 sec and 0-24 calculated from eqns (34) and (35). 

(c) The process gain was made to change in a manner showm 
in the curve (c.i). The curve (c.2) shows that the controller ^in 
adapted to the change as one was compensated for by the other. 
The lag of response behind the change is read as about 2 min. 
Theoretically, eqn (15) with an additional equivalent input may 
be the model. The time constant of the model To b about 2 mm 
in this case, which is approximately coincident with the experi- 
mental time constant. 
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These experiments give sufficient proof that the system is volving integral 
applicable to actual processes. Further work which is to be done filter is omitted, 
is the development, of an instrument which can be put directly 
to practical use. 


volving integral powers of Then, for the case where the 


T, 1-z ^ 


Appendix I—^Derivation of Difference Equations 

First take the z transform of Gis) with the sampling period 
of Til and, with z still representing e^®, expand the obtained 
function as a power series in z“^ and take only the terms in- 


Employing the power series expression of 3{z) gives 


{l + G(z)}S(z)=- 










SUM 




Figure <y. Oscillograms: (n) (a.i) and ia.2) proportional gain approaching the optimum, T^2$ sec, T/ = 6 sec, 
filter not used; (6) (bj) output of the filter, {b.2) error, (6.5) proportional gain approaching the optimum, 
T « 6*5 sec, Ti « 5*1 sec, filter used, y = 0*02; (c) (c.i) a change of the process gain given, (c.2) the pro- 
' portionalgain adapted to the change, IT = 22 sec, Tt = 4.5 sec, fiUernotused 
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In a similar procedure for taking the z transform, 
Z{J(s)2)(s)JV(C.s)}=— 

1 — Z ij m=sO 

Equating eqn (39) to eqn (40) gives eqn (15). 

In the case where the filter is used, 
cz+d 


(40) 


G(z)=a 


where 


(z-l)(z-&) 


of eqns (46), using the property of the correlation functions, 
<^«x(‘») = 0, ^*„(qo) = 0. and using the notations 


=2j^ ^^dr,<|5,,(0)=2j^ 


(41) 


, 6=e-v‘“or 

Ti cOo 

c=i+Q-y<»o(Ti2)^ ci=i + 2e-y<^iV2) 

Neglecting the terms containing the second power of y gives 

{H-G(z)}S(z)=--1-- 

(l-z-^)(l-fcz-') 

£ (42) 

m-0 

Z{I(s)D(s)Fis)N{C,s)}=—^^ £ (43) 

1 — Z TJ m=0 

which give eqn (31). Its solution with the initial values fo and 
is given by 

^ _„,sin(m-l)^ 
sin<^ 

(44) 

where . 

p=y/l-2ny+(7^l2, cos (^=(1 - 7^’ - o’^/4)/p, cr^=— ^ (45) 

7C i- 


<Pxx(0) 

one obtains 


-2^,,(0)=-2A(P,,(0) 

-2^,,(0)=-2<?„(0)+<i>,,(0) 

-2 ^,,(0)= -mj4>,^(0) -(A+2C(»„) (0)+m„"<P^(0) 

-2^,,(0)=2<P,^(0) k47) 

-2^,,(0)=m2<i)^(0)-£n>,,(0)-2Ca),<P,^(0)+<P^,(0) 
-2^,,(0)=2ca„^<P,,(0)-4Cm„d>,^(0)-2cu„^<P,,(0) 
4‘„(0)=<P„(0)-24i,,(0)+<P^(0) 
from which 

1 —1 1 
~2^CO„^^ ^^+2Co>nC, 2Ca>„« (0) 

(48) 

is obtained. By assuming Gaussian distribution of tlie amplitudes 
of X, y, y, fi and their products, one obtains 


2 2 


^xx (^) — 2 fix , (0)—2? 


+ 2 Co)„c. j)+ 2 ^o>„e (0)—2 e (y+2 fco„fi) 
Thus, approximately 

5 1 

4^e.(0)4-iP 


(49) 


Appendix H—Power Density Spectrum of the Squared Error 
Fluctuation 

Wit h the rule of notatio n as (j)^ = fi^(0 x^(/+t)^— e^x% 
<l>m = g^(t)x(r + T )y(t+T)^— e^ ^y» the autocorrelation 
function <^Bfi(r) = e^(/) fi^(r+T)^—^ can be evaluated by 
solving the simultaneous differential equations 


^xx=-22<l>xx 
^xy’^-^xy + ^xp 

^xp~ ~ ^n^xy (A + 2 C^n) 4^xf 4" ^n4^xx 
4yy = 2<l>yf 

<j>y^ = Col^xy - <ol4>yy “ 2 C<0„<l>yp + 
^##=2 ®?<^*#-4 Cco„(f>ff-2co^<l>yy 
('^) ~ ^yy ~ 2 4" ^xx 


(46) 


with the initial conditions ^«j,(0) = e®(l) jc®(0 — 

^iw(9) “ ®*(0 *(f) y(0 — ®* and so on. Integrating each 


Appoidix in —^Effect of the Dynamic Response Time of Measuring 
System on the Behaviour of the Loop 

The function A&„is) which is obtained by substituting 

_ ./ox _/A\ • - _r» J.V- _ /»_ 


eqn (8) into eqn (4) is of the form 



1 

d0..(s)=pB(5)— ----— y 

(50) 


1+e"^* 


where 

fco„s4-(4C2_i)co2 

2C (s+2Cco„)(s"-|-4Cco,^-t-4co^) 

(51) 


By introducing the variable the function B (s) is approximated 
by 
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on the assumption, as a second approximation, that the dynamic 
response time of the measuring system is not affected by a small 
dev^ion of fte parameter C from the optimum value. 

Ihe function A0^ (s) will then have two terms, one propor¬ 
tional to and the other independent of f, and as a result of 

^ replaced by a jump function Sis). 
Thus A0^ is) may be written as 


where 


« (s)=M' (s) E(s)+R (s) 


M'is)=-/iC(s) 


T 

T 


1 _ 1 1 r„ 

2(l-5fc)’*-T^-2iT 

The parameter C settles down therefore to a value smaller than 
that of the optimum. The offset as well as the parameter 1 
eral^ted for some values of T/T,, are shown in Table 1, from 
which the effect is certainly negligible provided that the pertur¬ 
bation period T is more than ten times as long as the natural 
period of the system T^. 


Table 1 


4^+1 1+e-i* 


HvSJ;?. ^ as another input to the loop, the effect of the 

dyn^cresponsetimeofthemeasuringsystemcanbeevaluated. 

is Of Adjustment— Tha case where the filter 

is not used is considered. Taking the z transforms of 

G (s) = /(s)i)(s)M'(s)^- 1 

and ® 

His)=Iis)D(s)R(s) ( 58 ) 

with the sampling period T/2, expanding each function obtained 

(59) 

and I 

(60) 

where e-i<»..r fe neglected because this number is negUgibly small 
^ wmpared with umty. Hence, the difference equatio? to deter¬ 
mine the sequence of the parameter values i„ becomes 

(61) 


77r„ 

1 

Ico 

L 

eo 

10 

0009 

0-491 

7-90 

5 

0-019 

0-481 

15-70 

2 

0-066 

0434 

39-30 

1 

0-395 

0-105 

78-70 


i2) Necessary Phase Shift to Eliminate the Oj^er—To elimi- 
rmte fte offse^ it is necessary to give a leading phase shift to the 

synchronous switching, by means 
of either a phase shifter or the bandpass filter itself. The neces- 
sary Mount of the shift can be evaluated as follows: Taking the 
modified z transforms of the functions of eqns (57) and (58) with 
the sampling period772, multiplying each transform by zJ,ex- 
^nding each function as a power series of zrh and tairfng only 
the terms involving integral powers of z-\ give 

z*G'(z, m)=—-i—(4[+B^-i+ Cz" 2 ) 

1 — 2 

A^a{-v+^+^^B=^T+3iA+C) 

(64) 

C=-«e-v|l+_^_cos(v3v-^|)} 

v=ymm,T 

and 

z*Hiz,m)=-~^iD+Ez-^+Fz-^) ] 


where 


Tt(o„ 


E=^3iD+F) 

where e-|:“»r is neglected as compared with unity. The difference 
equation corresponding to eqn (61) is thus obtained as 


a pwameter representing the effect of the dynamic response time 
of toe measunng system. The second term of the right-hand side 
Of the equation causes an offset of self-adjustment or a deviation 
from zero of the steady-state value of which is given by 


(1 - ^) fm+2 -1(^1 tJ-3 (^-1-C) 


)}f»+i 
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The second term of the right-hand side of the above equation is 
put equal to zero, to obtain the condition to eliminate the offset, 
namely 

(67) 

which gives 

v=ymco,T= 1-372 (68) 

The necessary amount of the leading phase shift in degrees 

0*^ (= ^ X 360°) evaluated from the above equation for some 

values of TjT^ is also shown in Table 1. For the value of v, the 
constants in eqn (66) become 

A = 0-304 a, 3 (^ + C) = 1-459 a, C = - 0-182 a, £=0 (69) 

With these constants, eqn (66) is the equation to determine the 
response of the self-adjusting loop when the effect of the dynamic 


response time of the measuring system is taken into considera¬ 
tion, and is not quite different from eqn (61) except for small 
correction terms involved. 
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DISCUSSION 


J. J. De Jong, Bataafs Internationale NV,, The Hague, Netherlands 

The authors have allowed their adaptive control system to change the 
loop gain. Since, however, the integral term of their controller contrib¬ 
utes materially, if not predominantly, to the overall performance— 
particularly in the low frequency region—1 should like to know whether 
any trials have been made by ^em with an adaptive controller which 
keeps the loop gain constant whilst varying the integral action time. 
In a further extension, the adaptive control of both constraints could 
be considered. 

T. IsoBE, in reply 

Although no trials have been made with the integral action time 
variable, it is possible if a time exists giving minimum mean-squared 
error. It is also possible that the adaptation of both constants can be 
made if both parameters are perturbed with two distinct perturbation 
periods and with the corresponding synchronous detectors. 

M. Hamza, ETH,, Ziirich, Switzerland 

I have read this paper with great interest and I find it an excellent con¬ 
tribution to the field of adaptive control. Professor Isobe has not only 
tested his theory using an analogue computer, but has also applied it 


to a flow control system. I assume that during the past year this system 
was further studied. I would like Professor Isobe to mention briefiy 
what, in his opinion, are the main advantages of his method and, most 
important, what are its limitations. Further, where does he recommend 
the application of such a method other than to the example given in 
his paper? 

T. Isobe, in reply 

I should like to thank Dr. Hamza for his kind comments and questions. 
The main advantage of the method is, in my opinion, the simplicity 
of the instrument realizing the method. In our experimental work, a 
circuit of the adaptive controller was set up on an analogue computer, 
using a servo-multiplier, a squarer, etc. However, we are planning a 
practical instrument in which a thermistor or a transistor for a resistor 
would be able to be made to change by a voltage signal, and a transistor 
switching circuit for a synchronous detector will be used. These cir¬ 
cuits will be simple enough to be attached to a conventional process 
controller. The limitation of the method is that it takes a relatively 
long time to reach the optimum condition when the mean-squared 
error does not show a sharp minimum with a variation of the 
parameter concerned. We believe that the method is applicable to the 
control of any other process variables than the example such as 
temperature, pressure, liquid level, etc. 
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The Dynamic Properties of Rectification Stations 

with Plate Columns 

J. ZAVORKA 

Summary 


work deals with the derivation of generaUy vaUd relations (in the 
form of block diagrams and formulae) permitting the computation 
^ functions of a rectifying station. The first chapters 

Mntam the operational analysis of the dynamic properties of the given 
system st^g from the general physical and physico-cheLcal 
eq^tions. ■me author deals separately with the dynamics of the three 
^ons of the system: the column proper, the bottom action of the 

condenser, the cooler and condensate tank); 
the solution of the dynamic properties of each section is dealt with 
in a separate chapter. 

Most im^^t and most difficult is the solution of the dynamic 
properUM of the column proper. In the solution of this section the 
author stMte vnth the basic design unit of the column—the plate, the 
dynamic behaviour of which is described by a ^tem of nine simul- 
toneous equations. The equations are linearized and transformed into 
differential equations, subjected to the LW transformation and 
arranged mto a dimensionless form. After the elimination of the 
vanables not considered, three block diagrams of the plate are 
formed from the equations representing the non-steady states of 
composition, flow rate of the liquid phase and pressure. The inter- 
conn^on of these three block diagrams leads to the formation of the 
overaU diapam of one plate. The author obtains the block diagram 
^ whole column by linking the overall diagrams of all plates 
The sarne meffiod is used by the author for deriving the block 
diagranra of the bottom and top sections of the column. Results 
obtamed from ffie previous chapters are subjected to a further theorct- 
anal)®is. The aun of this analysis is to simplify the block diagram 
of the column proper in order to make possible its modelling or the 
transfer functions of the system. It is shown 
that the dynamics of pressure and of composition in the whole column 
m presented by block diagrams of the same structure. The diagram 
IS forrned by smgle capacity members connected in series with feed- 
by-pMsing two members that follow behind. The output rf gnMc 
of this Cham arc formed by the algebraic sum of the signals of three 
adjacent members and they form a link between the diagram of 
pressure and the diagram of composition. 

The general analysis of this block diagram is made; a matrix 
osculation is u»d for deriving the matrices of the transfer functions 
of tim blMk diagram as the functions of the number of the chain 
members (or of the number of the plates of the column). A further 
analysis « used for establishing the conditions at which it is possible 
to neglect the dyna^c value of the output signals (the conditions are 
Plates). By a further general procedure it is 
proved that the conditions stated are fulfilled by each column. In this 
way the block diagram of the column proper is simplified to an extent 
permitting the computation of the transfer functions. 

. chapter contains the practical computation of several 

transfer factions and step response curves of a rectifying station 
based on the results of the general analysis. The results of measure- 
actual station in operation were in good agreement 
with the results of the computation. 

Sommaire 

On dtabUt les relations (sous forme de schemas fonctionnels et de 
formule) concernant une station de rectification en vue de calculer 


la fon^on de transfert de cette derntere. Les premiers chapitres 
traitent l anal^ opdrationneHe des propri«& dynamiques du 
s^t^me donn6 en partant des Equations gdndrales physiques et 
phjraico^tamiques. On examine s6pai^ent la dynamique des trois 
sections du systime: la colonne elle-m&ne, le fond de la colonne 
(le preimer plateau) et le sommet de la colonne (le plateau sup6neur 
le condenseur, le refrig^rateur, et le rdservoir de condensation). 

La colonne se r6v61e comme 6tant la partie la plus difficile. Pour 
franrfert, I’auteur commence par examiner 
1 unitd de base de la colonne: le plateau. Le comportement dynamique 
u plateau est d&rit par un systfeme de neuf Equations simultandes, 
m equations sont Iin6aris6es, transformdes en Equations difKren- 
tieUes par k ^sformation en L1V. et mises sous forme adimension- 
nelle. Aprte Uhmmation des variables non consid6r6es, on obtient 
trois schemas fonctionnels A partir des Aquations repiAsentant 
IM Atats non^tationnaires de la composition, du dAbit en phase 
hquide et de la pression. L’ensemble de ces trois schemas fonction- 
nels forme le schema fonctionnel global d’un pkteau. L’ensemble 
des schemas fonctionnels globaux de tous les pkteaux forme celui 
de la colonne toute enti^re. 

est utilisAe pour obtenir les schAmas fonction¬ 
nels du fond et du sommet de la colonne. On procAde ensuite A I’analyse 
dwrAsultats obtenus afin de simplifier le schema fonctionnel de la 
wloime en vue de k simulation ou de calcul direct de la fonction de 
^sfert du systAme. On montre que les comportements dynamiques 


J I T . -wwuuoBUJiircpresen- 

tte par des schemas foncUonnels de structure identique. Cette 
structure cat constituAe d’AlAmente capacitife simples rellAs en sArie 
avTO rAaction tous les deux AlAments. Les signaux de sortie de 
Mtte ctone sont constituAs par la somme algAbrique des signaux de 
ttois AltoentsadjMents; ils forment une liaison entre le schema de 
la pression et celui de la composition. 

Dans une premiAre analyse gAnArale, on calcule les matrices des 
fonctiom de transfert du dkgramme fonctionnel en fonction dunombre 
des chaines (ou nombre de pkteaux de la colonne). Dans une seconds 
anal^, on Atablit les conditions dans lesquelles on pent nAgliger la 
partie traroitoire des signaux de sortie fies conditions sont reUAes au 
nombre de pkteaux). Dans une derniAre analyse enfin, on montre 
comment simplifier le schAma fonctionnel de la colonne seule, pour 
que sa fonction de transfert soit calculable facilement. 

On montre des exemples pratiques de calcul de plusieurs fonctions 
de transfert et de rAponses A un Achelon en se basant sur la thAorie 
developpee. Ces calculs sont confirm^ par des mesures relies. 


Diwer Beitrag behandelt die Ableitung allgemeingttltiger Braiehungen 
in Fom von Blockdiagrammen und Gleichungen fUr die Berechnung 
der Uber^gsfiinktionen von Rektiflzierkolonnen zur Trennung 
bin&er Mischungen. Zur' Untersuchung wird das System in drei 
Teile zeriegt: m die Kolonne selbst, den Bodenteil (der ente Boden 
rad der Re-Boiler) und den Kolonnenkopf (der oberste Boden mit dem 
Kondensator, dem Kflhler und dem KondenzbehAlter). Bin Boden 
wird durch ein System von neuen Simultang^eichragen beschrieben, 
die abgeleitet werden. 

Das Brgebnis der theoretischen Arbeiten des Autors ist ein Blbck- 
diagramm rad die zugehorigen tJbergangsfunktionen sowie Glei- 
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chungen fUr die verschiedenen Konstanten und Ubergangsfunktionen. 
Des weiteren wird auf Grand der hier durchgefUhrten Arbeiten die 
numerische Berechnung einiger tJbergangsfunktionen and der 
Sprungantwort bestimmter Rektifizierkolonnen besprochen. Es zeigt 
sich, dab die aufgenommenen Betriebsmessungen mit den berechneten 
Daten sehr gut ubereinstimmen. 


The control of rectification stations, as carried out at the 
present time, is confined only to some control loops which are 
designed without any thorough theoretical consideration. As far 
as individual control diagrams are concerned, quite a number 
of them have been designed; for instance, see Anisimov^. The 
advantages and shortcomings of various connection schemes 
have been published by the respective authors, however, and the 
evaluation is mainly based on technical sense and experimental 
results. Information on the general operational analysis of 
rectification columns has been appearing only recently** 

In most of these papers the pressure and hold-up of the plate 
have been considered as constant quantities. Due to this, the 
validity of results is limited to cases with slow changes in the 
input, quantities; for instance, changes in feed composition or 
changes occurring during the starting of the column. For 
rapidly changing input variables, for instance pressure, the 
results are erroneous. In view of these facts, an operational 
analysis was worked out by Voetter and HoutappeP where the 
pressure and hold-up of the plate were considered as variables. 
Starting from linearized equations the authors demonstrated 
that, nevertheless, the results hold for a rather wide range of 
input quantities. The same authors extended their study to 
ternary mixtures, and used digital computers for the calculation 
of dynamic properties. It has been found that the solutions of 
these problems are exceedingly time consuming with regard to 
the computer, and Rose and Williams®* attempted the 
modelling of the system on an analogue computer. However, 
these authors designed the model of the dynamics of the vapour 
phase as single-capacity members connected in series which 
does not correspond with reality. This deficiency has been 
eliminated by the work of Rijnsdorp and Maarleveld*, who 
succeeded in modelling a 32-plate column on an analogue com¬ 
puter built from passive elements especially for this purpose. 
The Bode frequency characteristics are the result of this work. 
As an example, one of these characteristics is shown in Figure L 
Obviously it cannot be evaluated, as the curve has no distinct 
straight sections to permit the determination of the respective 
intersects. Apart from this, it is not possible to agree with ^e 
assumption made by the authors in the equations describing 
the system, namely that the heat of evaporation is merely a 
function of pressure and independent of the composition of 
the mixture. 

The aim of the present paper is to derive generally valid 
relationships for the computation of transfer functions for the 
.individual input and output variables of the whole rectification 
station, to create in this way the possibility of comparing and 
ass^sing the adyantages and shortcomings of various control 
diagrams, and to obtain the data necessary for the synthesis of 
control loops and for the complex automation of rectification 
stations. 

The task has been limited to rectification stations with plate 
colunms for the separation of binary mixtures. 


The purpose of the work is to determine the transfer func¬ 
tions of the system, which in turn determine the relationship 
between the input variables (N\ the flow rate of the feed; Xn * the 
composition of the feed; Pje' the pressure in the condenser; 
Gj: the flow rate of the heating steam) and the output variables 
{A: the flow rate of the product; the composition of the 
product; B: the flow rate of the residue; the composition 
of the residue; P^\ pressure at the first plate of the column) and 
possibly between the concentration at some other plates. 




The diagram of a rectification, station with a plate column for 
the continuous separation of binary mixtures is shown in 
Figure 2. 

For the investigation of dynamic properties let the rectifying 
station be divided into three sections shown by the d^h line in 
the illustration. The first to be investigated is the independent 
rectifying column, the second section consists of the bottom of 
the column with the still, while the third section contains the top 
of the column, the condenser, the cooler and the condensate tank. 
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The rectifying column consists of plates that are to be 
considered as separate units with regard to function and con¬ 
struction. The diagram of a plate is shown in Figure 3. It can 
be seen that the plate may be acted upon by the following nine 
input variables: 

N The feed flow rate 

X:tf The feed composition 

The enthalpy of the feed 
The flow rate of vapour from the plate below 
The concentration of this vapour 
The enthalpy of this vapour 
Ln+i The reflux from the plate above 
The composition of this reflux 
The enthalpy of this reflux 

By these, variables changes are produced in nine output 
variables: 

The liquid hold-up of the plate 
The vapour hold-up of the plate 
Pn The pressure on the plate 
Vn The flow rate of vapour streaming from the plate 
Ln The reflux from the plate 

The enthalpy of vapour streaming from the plate 
Hi n The enthalpy of the reflux from the plate 
The composition of vapour 
The composition of the reflux 


The plate is described thus by a system of nine simultaneous 
equations which are now derived. 

First, the material balance of the plate is set up. 


dM,. dM.., 
“dr+“dS 


-L„+F„_i-F„+JV 


( 1 ) 


By multiplying the individual terms by the corresponding con¬ 
centrations the total material balance equation is transformed 
into the material balance of the more volatile component: 

diMun'X,) d(M,.„-y„) 
dr dr 


In accordance with the material balance equation it is possible 
to write the heat balance equation as follows: 


d(M,.„-tf,„) d(M„.^,.„) , dP„ 

dr dr dr 



The last term on the left-hand siae ol the equation (which re¬ 
presents the consideration given to the difference between the 
enthalpy of the vapour phase and its internal energy for which 
the equation holds) is neglected later with regard to the pressure 
changes being of the order of millimetres of water gauge. 

The vapour flow rate depends on the square root of the pres¬ 
sure differential on two adjacent plates and on the density of the 
vapour. In view of the fact that the difference in pressure on 
two adjacent plates fluctuates within the range of 25-50 mm w.g,, 
the influence of density may be neglected. The relationship be¬ 
tween flow rate and pressure is then described by the equation 

(4) 

The following relationship should be further investigated. 

By the application of relation 



(5) 


Now consider the relationship between the concentration of the 
more volatile component in the vapours and the concentration 
of the more volatile component in the liquid during the state of 
equilibrium of both phases at the boiling point temperature of 
the binary mixture. 

= ( 6 ) 

The description of this relationship was attempted by a 
number of equations (Wohl, Scatchard-Hammer, Van Laar, 
Margules^). However, they all contain constants that can be 
determined only experimentally. Due to this, and also due to 
their complexity, none of these equations has been accepted in 
piactice. The effect of the composition of the liquid upon the 
composition of the vapours (established experimentally) is nor¬ 
mally represented by the X-Y equilibrium diagram. This method 
of representation has been accepted for the following sections 
of this paper. 

The remaining three equations are written in the form of 
general relations: 

(7) 

( 8 ) 

(9) 


The system of the above-stated nine simultaneous equations 
describes one plate of the rectifying column. As interest here is 
only in the non-steady states of pressure, composition of the 
liquid phase and flow rate of the liquid phase, all other variables 
will be eliminated. The transfer functions of pressure, composi¬ 
tion of the liquid phase and flow rate for one plate are obtained 
by the linearization of the equations or possibly by their trans¬ 
formation into differential equations, followed by the LW trans¬ 
formation and the arrangement of the equations. These transfer 
functions are used for drawing the partial block diagrams of one 
plate for the dynamic behaviour of the three variables. The block 
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diagrams are shown in Figure 4. The overall block diagram of 
one plate is obtained by the interconnection of all three partial 
diagrams. The complete block diagram of the whole rectifying 




column is obtained by the interconnection of the block dia¬ 
grams of the individual plates as shown in Figure 5. For the sake 
of clarity the multiplication constants are not shown in Figure 5. 
Now, it remains to conclude the block diagram of the column 
by the connections of the condenser and of the still. 

The block diagram of the bottom section of the column (the 
first plate and still), and the block diagram of the top section of 
the column (the highest plate, condenser, cooler of the conden¬ 
sate, condensate tank and the piping) have been derived by a 
similar method as used for the derivation of the block diagrm 
of the column proper. For the sake of brevity the respective 
procedures are omitted, and only their results are given in 
Figures 6 and 7. 

The complete block diagrams of all sections of the rectitymg 
station have been obtained so far. The description may serve as 
the source of some data for the modelling of the system. Owing 
to the high complexity of the diagram, a larp number of inte¬ 
grating units will be required for the modelling and, therefore, 
it should be possible to model only the simplest stations with a 
email number of plates. For this reason the results of the preced¬ 
ing chapters have been subjected to a further theoretical analysis. 
The analysis follows the aim of simplifying the block diagram 
of the column proper so that it is suited for naodelling, or so that 
it is possible to compute the transfer functions of toe^ syst^. 
First of all it was necessary to determine the zones within \vhich 
the values of individual design, physico-chemical and operational 
parameters can vary. Further the relations were to be stated that 
were required for the numerical solution of various terms occur¬ 
ring in the formulae for the time and multipl^g constants. A 
quantitative analysis of the time and multiplymg constants was 
maHft on the basis of these values and relations. The results 
obtained were used for certain simplifications of the formulae. 
Further, it appears that the dynamics of pressure and composi¬ 
tion in the whole column are represented by block diagrams of 
the same structure (Figure 8). The diagram is formed by sin^e- 
capacity members connected in series with feedbacks by-passmg 
two members that follow behind. The output signals of this 
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chain are formed by the algebraic sum of the signals of three ad¬ 
jacent m^nbers ^and they link together the diagram of pressure 
and the diagram of composition. 

T^e general analysis of this block diagram was made; a 
matrix calculation was used for deriving the matrices of the 
transfer functions of this block diagram as the functions of the 
number of the chain members (or of the number of the plates of 
the column). A further analysis was used for establishing the 
conditions at which the static value of the output signals of the 
above chain is equal to zero (the conditions are related to the 
mapiitude of the multiplying constants), and the conditions at 
which it is possible also to neglect the dynamic value of the out¬ 
put signals (the conditions are related to the number of plates). 
It was proved by a further general procedure that the above- 


stated conditions are fulhlled by each column. Assume for an 
instant that, during the investigation of the dynamic properties 
of the distilling column, there is no interest in the non-steady 
states of pressure. Under this assumption, and owing to the 
former conclusions, it is possible to interrupt in the block dia¬ 
gram the connections of the pressure changes between the indi¬ 
vidual plates. This can be done because any disturbance entering 
any plate lying below or above the plate under investigation can 
influence neither the flow rate, nor the pressure, but only the 
pressure values at different points of the block diagram, or of the 
column, and these valuw are of no interest for the time being. 

Now consider composition in the same way—supposing that 
one is not interested in the non-steady states of composition. 
Similarly, as in the case of pressures, the connections between 
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individual plates may be interrupted. The block diagram is then 
transformed into the form shown in Figure 9, The values <p^ 
and (pg, are the sums of the input signals of the individual nodes 
of the block diagrams of the dynamics of pressure and composi** 
tion respectively. Now the non-steady states of pressure and 
composition, that were formerly excluded from discussion, are 
considered. The partial block diagrams of pressure and composi¬ 
tion respectively are easily attached to the diagram in Figure 9 
by introducing the signals (p^ and cp^ into the individual nodes 
of the block diagrams of pressure and composition respectively. 
The result is shown in Figure 10, The section of the block dia¬ 
gram bordered by the dot-and-dash lines corresponds with one 
plate of the rectifying column. By the solution of the system of 
equations written for all three nodes of the block diagram of one 
plate (naturally after the introduction of all multiplying con¬ 
stants) the transfer functions of all output variables of the plate 
^e obtained. FinaUy, in the application of the transfer functions, 
it is possible to re-draw the block diagram shown in Figure 5 
into the final form according to Figure IL This block diagram 
holds for a general colunm with any arbitrary parameters with 
regard to design, physico-chemical conditions and operation. 

The block diagram shown in Figure 11 together with the per¬ 
taining transfer functions and formulae for various constants 
and transfer functions, is the final product of the theoretical 
part of the work. These results make possible the computation 
of the transfer functions of a general rectifying station. During 
the solution of concrete problems a number of possible simpli¬ 
fication appeared that followed from the numerical evaluation 
of individual constants and plate transfer functions. It is not 
possible to prove the general validity of these simplifications. 
However, it may be assumed that they will be. identical in most 
cases. 

Further work^® contains the practical computation of several 
transfer functions and step response curves of a concrete rectify¬ 
ing station on the basis of the results obtained from a general 
analysis. The necessary measurements were also made on this 
station in operation. After a comparison, the results of the com¬ 
putation were in very good agreement with the results of the 
measurements. 


Nomenclature 

A Flow rate of the product (mol/sec) 

B Flow rate of the residue (mol/sec) 

Q Multiplying constants 

dx Transport lag of condenser 

dg Transport lag of cooler 

da Transport lag of condensate tank 

^4 Transport lag of the reflux line 

E Reflux ratio 

Fj Sum of the influences of flow rate on plate pressure 
F^ Sum of the influences of feed concentration on plate pressure 

Fa Sum of the influences of flow rate on plate composition 

F 4 Sum of the influences of feed composition on plate composition 
F 5 Sum of the influences of feed flow rate on plate flow rate 
Ff^ Transfer function of plate flow rate. Given in Figure 4 as 

1 

Tip-M 

F 7 Sum of the influences of feed composition on plate flow rate 
F(p) Elementary transfer function of concentration, similar to E(p) 
Gx Flow rate of the heating steam (kg/sec) 

Hi Enthalpy of the liquid (kcal/mol) 

Enthalpy of the feed (kcal/mol) 

Enthalpy of the vapour (kcal/mol) 

Hx Enthalpy of the heating steam (kcal/mol) 

Enthalpy of the condensate from the still (kcal/mol) 
i Number of plates 

l^oi El Constants 

ky K Subscript of condenser 

L Reflux (mol/sec) 

if+i Reflux to the top (mol/sec) 

Ml Liquid hold-up of the plate (mol) 

M^ Vapour hold-up of the plate (mol) 

N Feed flowrate (mol/sec) 

N. Subscript of feed plate 

n Ordinal number of plate 

0{p) Transfer function of the still 

P<Pii^P^ Elementary multiplying factor of influence of flow rate on 
plate pressure 
F Pressure (atm) 

Pressure in the condenser (atm) 

Qx Heat flow to the heating wall (kcal/sec) 

62 Heat flow from wall to substance (kcal/sec) 

Si Surface area of liquid hold-up (dm^) 



Figure 11 
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Height of liquid level in plate above weir (dm) 

Tg Mean temperature of heating wall (°C) 

Mean temperature of heating wall on the steam side (®C) 
T.^ Temperature of heating wall on the side of the 
heated substache (®C) 

y Flow rate of vapour through column (mol/sec) 


V* Volume (T) 

X Concentration of the more volatile component in the liquid 
(mol %) 

Concentration of the more volatile component in the product 
(mol %) 

Concentration of the more volatile condensate component 
after the condenser (mol %) 

Concentration of the more volatile product component in the 
cooler of condensate (mol %'! 

Concentration of the more volatile component in the reflux 

. 1. 

Concentration of the more volatile component m the liquid 
on the feed plate (mol %) 

(p) Elementary multiplying factor of influence of flow rate on 
plate composition 

Concentration of the more volatile component in the vapour 

Composite of vapour composition dynamics as influenced by 
neighbouring trays 

Concentration of the more volatile component in the vapour 
on the feed plate (mol %) 

Liquid flow rate in figures. Corresponds to term L in equations 
(mol/sec) 

Specific gravity of liquid (kg/1) 

Specific gravity of vapour (kg/1) 

Molar volume (dm® /mol) 

Elementary transfer function of the flow rate of the liquiF 
phase 

Molecular weight 

Elementary transfer function of concentration molar volume 
(dm /mol) 

Elementary transfer function of pressure 
Circumference of down-take pipe (dm) 

Time (sec) 

Transport lag (sec) 

Time constant of the elementary transfer function of the flow 
rate of the liquid phase (sec) 

Time constant of the elementary transfer function of pressure 


Xai 

Xn 


Y 

Y 
Yn 
Z n 
y.yi 

Vv 

S 

4(p) 

Z(j>) 

n(p) 

Q 

T 


tp 

Tp-c 

rje 


(sec) , 

Deriviitive time constant of the pressure-concentration UnK 
(sec) 

Time constant of the elementary transfer function of the still 
(sec) 

Time constant of the transfer function of the condensate (sec) 


Time constant of the condenser (sec) 

Time constant of the elementary transfer function of the con¬ 
centration (sec) 

Tajp Derivative time constant of the concentration—^pressure link 
(sec) 

Time constant of the cooler (sec) 

T 22 Time constant of the condensate tank (sec) 

q>p^ Sum of the input signals of nodes of pressure dynamics 

q^xi Sum of the input signals of nodes of composition dynamics 
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DISCUSSION 


T. J. Williams, Monsanto Chemical Company, St. Louis 66, Missouri, 
U.S.A. 

(1) Figure I of the paper by J. Zdvorka is a reproduction of Figure 14 
of the paper by J. E. Rynsdorp and A. Maarleveld®. The original figure 
presents the corresponding frequency responses of pressure at the 8th, 
32nd and 56th trays of an analogue model of a 64-tray column sub¬ 
jected to disturbances in heat input to the reboiler. It should be noted 
that the R.C. ladder network proposed by Rynsdorp and Maarle¬ 
veld and the cascade of first-order lags proposed by Rose and Wil- 
liams®* ^ would both give essentially the same response for the 
condition presented by Zavorka in his Figure U The R.C. ladder net¬ 
work is best if one uses a passive network analogue coinputer, but the 
first-order lag is best if one is using the standard operational amplifier 
type of analogue computer used by Rose and Williams in their work. 


(2) A model with only constant coefficients on all terms, as depict¬ 
ed in Figure 5 and subsequent figures, precludes the use of a second- 
order flow-rate pressure relationship as given in eqn (4). The same 
statement also applies to the equation for tray hold-up [eqn (5)] ^d 
the discussion of vapour liquid equilibria relationship p. 329. The dia¬ 
grams presented seem to require that the actual relationships used are: 

constant 

Since the author is using a linearized model, such a procedme is per¬ 
fectly satisfactory. He should, however, make this plain to the reader 
in his paper. 
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(3) Equation (5) appears to be an equation for height of liquid over 
a pipe downcomer used as a weir rather than the height of liquid above 
the vapour nosle of the bubble cap, as indicated by the definition of 
the symbol Si in the Nomenclature. 

(4) We cannot agree with the implication of Figure 8, that the 
vapour composition on any tray is influenced in a major way directly 
by the vapour composition of the tray ne^ above. In addition, it would 
appear that Figure 8 and its results are not used in subsequent develop¬ 
ments of the paper. 

(5) In the simplification of Figure 5 to obtain Figures P, 10 and 
eventually Figure 77, it would seem that all influences of pressure and 
composition on the other variables of the columns operation have 
been eliminated or considered unimportant. The only influences re¬ 
maining are those attributed to flow rate changes on the plates them¬ 
selves. 

(6) As near as can be determined by reading this preprint, no use 
was niade of eqns (3), (8) and (9) except in determining initial boil-up 
rates in the still pot. It is misleading to the reader to include these 
relationships when apparently there is no intention of making use of 
them in the model development being discussed. 

(7) It is disappointing that Mr. Zdvorka has not included any re¬ 
sponses of actual column models or comparisons of model response 
with actual column response. His write-up indicates that such work 
has already been done (in his Reference 16); however, none is repro- 
duced in the paper. 


J. Zavorka, in reply 

I am much obliged to Mr. Williams for his comments on my paper. 
I am sure that these comments and my reply to them will help to clarify 
some points in my paper, which is but a very limited excerpt (the whole 
original work on which I am reporting in this paper has about 200 


typewritten pages), and therefore some topics are obviously not clear 
enough. 

(1) I agree with this comment. 

(2) The equations mentioned were linearized, as is written in the 
last paragraph of p. 328. 

(3) Mr. Williams is quite right. The symbol Si really means the 
height of liquid over a pipe downcomer used as a weir. 

(4) The symbols JIf, Y and Y used in Figure 8 mean generally quan¬ 
tities (not especially the composition of the liquid resp. vapour phase). 
It is written (perhaps not clearly enough) in the last paragraph of 
p. 329.1 cannot agree with the assertion that the results of Figure 8 
are not used in subsequent developments of the paper. On the contrary 
the results of this figure have a fundamental meaning for simplification 
of the block scheme of the column {Bgure S) and for making possible 
the computation of the transfer functions. The use of results of Figure 8 
is shown on pp. 330, 332. 

(5) The influences mentioned in this comment of Mr. Williams are 
not eliminated in Figures P, 10 and 11 respectively. They are only 
simplified by using the results of Figure 8 as explained on pp. 330,332. 
These simplified couplings are included in the scheme by means of the 
transfer functions n ip\ ^(I>n 9 n (p) respectively. 

(6) The use of eqns (3), (8) and (9) is not visible as a result of the 
extreme shortness of the paper, but it is evident that it would not have 
been possible to come to the results by using not all equations of the 
whole number of 9 which contain 9 variables. 

(7) To include the results of measurements in this paper is not 
possible because of the paper’s brevity. 

As I see from Mr. Williams’ comments my paper, as a result of its 
very short form, has many vague points. That is why I should like to 
draw the readers’ attention to Reference 15 of this paper. In that 
publication are the entire results of my work and the experimental 
results, and their agreement with the results of theoretical analysis. 
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Une Realisation Originale dans une Raffinerie de P6trole: 
le Chargement Automatique des Wagons Citernes 

F.X. MONTJEAN 


Summary 

It has been possible to improve, to a very high degree, the emptying 
of petrol products from tankers by the use of loading equipment 
where the weighing of the tanks and their filling is carried out at the 
same time. 

The wagons are hauled into position by means of an automatic 
system. The special type of telescopic arms of the loader carry out the 
filling at the flood entrance at very great speeds. 

All the other operations such as the selection of hydrocarbon 
circuits, progressive reduction in the rate of flow at the end of the 
filling, injection of additives are entirely automatic. 

Sommaire 

L’6vacuation des produits p^troliers par wagons citernes a pu 6tre 
sensiblement am61ior6e par I’emploi de postes de chargement k tr^ 
grand d6bit oh le pesage des citernes s’efFectue en m6me temps que le 
remplissage. 

Les wagons sont amends en position gr§ce k un dispositif de 
tratnage automatique. Des bras de chargement d’un type special 
(Cannes t61escopiques) effectuent le remplissage k orifice noy6, ce qui 
permet d’atteindre sans danger, de trds grandes vitesses d’6coidement. 

Toutes les autres operations du cycle (selection des circuits d’hydro- 
carbures, reduction progressive du debit en fin de remplissage, 
injection des dopes, etc.,..) sont entierement automatiques. 

Zusammenfassung 

Der Umschlag von Erddlprodukten in Kesselwagen konnte durch den 
Einsatz von Ladeger^ten mit sehr hohem DurchfluB wesentlich 
beschleunigt werden. Dabei erfolgt das Wiegen der Kesselwagen 
wtihrend des Fullvorganges. 

Die Waggons werden selbsttatig in Ladeposition gebracht. Be- 
sondere, teleskopartig ausgefuhrte Ladearme mit eingetauchtem 
Mundstuck gestatten es, sehr hohe Strdmungsgeschwindigkeiten 
gefahrlos zu erreichen. Alle anderen VorgSnge (Auswahl der Kohlen- 
wasserstolfprodukte, progressive Durchfluflverminderung gegen Ende 
des Fiillvorganges, Hinzugabe von Additiven usw.) laufen vdllig 
selbsttdtig ab. 


Generalites 

En douze ans, la capacity de traitement du petrole brut par les 
raffineries du monde occidental a plus que double. Cette augmen¬ 
tation de productivite a 6t6 obtenue par Fapplication d’audacieux 
programmes d’extension qui, en France, se sont traduits 
notamment par la construction des deux raffineries de Strasbourg 
(capacite 7,6 millions de tonnes). L’evacuation des produits 
raffines dans de telles unites de production, imposait une 
modernisation radicale des moyens anterieurement employes. 
Etant donne le volume important des produits evacues par fer, 
il est normal que le souci des grandes societes petrolihres se 
soit porte d’abord sur le perfectionnement des dispositifs de 
chargement des wagons citernes. 


La realisation que nous nous proposons de decrire, ne 
presente pas, si Ton considere separement chacun des probiemes 
eiementaires auxquels une solution a ete apportee, un caractere 
d’originalite technique. II est bien evident que Ton s’est efforce 
de mettre en oeuvre des techniques disponibles et dprouvees pour 
executer les functions automatiques essentielles. La complexite 
du probleme reside plutbt dans la conjunction des diflferentes 
techniques utilisees qui font de cette realisation une «architec- 
ture» d’automatisme interessante. 

Pour donner la mesure de Taudace technique dont a fait 
preuve le Maitre de FOeuvre, il n’est pas inutile de souligner 
que ce poste de chargement modeme instalie k la Raffinerie 
de Reichtett pour le compte de la Compagnie Rhenane de 
Raffinage, est le premier de ce genre realise dans le monde. 

Rappelons tout d’abord tr^ rapidement les conditions dans 
lesquelles s’effectuent, dans les raffineries courantes, les opera¬ 
tions de remplissage des wagons citernes. Le long des voies 
ferrdes sont 6 chelonn 6 s des postes de chargement a petit ddbit 
oh aboutissent les tuyauteries d’amende des difFerents types de 
produits. Ces postes sont en majority banalises, c’est-a-dire 
susceptibles d’operer le remplissage des wagons en produits 
noirs et produits blancs des difF 6 rents types. Disons pour fixer 
les id 6 es que, pour obtenir un d 6 bit de 70 wagons/jour (h deux 
postes de travail), il faut actuellement deux rampes de charge¬ 
ment k 1 postes chacune. 

Les wagons sont amends k Faide d’un locotracteur jusqu’au 
pont bascule oh s’effectue Foperation de tarage, ensuite aux 
postes de chargement, enfin de nouveau au pont bascule pour 
mesure du poids verse. 

La multiplicitd des manoeuvres prdcddentes pour le charge¬ 
ment de chaque wagon permet d’dvaluer la perte de temps que 
Fon pent enregistrer. L’observation «in situ» confirme d’ailleurs 
que la charge du trafic fer varie surtout en fonction du nombre 
de wagons tractds et tres peu en fonction du tonnage chargd. 
La seule. opdration directement lide au tonnage est celle du 
chargement. L’expdrience montre qu’elle est masqude en grande 
partie par les autres opdrations (manoeuvres de wagons, etc.,..) 
et done sans influence prdponddrante. 

L’idde de base de la nouvelle rdalisation a done dtd de 
limiter au maximum les mouvements de wagons et d’obtenix un 
ddfilement pratiquement continu des wagons sous un poste de 
chargement k trds grand ddbit placd k Faplomb d’un pont 
bascule oh Fon effectuerait successivement sur chaque wagon 
les opdrations suivantes: (a) tarage; {b) remplissage, et 
(c) pesage. 

Nous avons pu voir unb premidre rdalisation basee sur ce 
principe k la Raffinerie BP k Dinslaken. L’automatisme en dtait 
toutefois limitd k Facheminement des wagons jusqu’h un poste 
d’attente situd avant le pont bascule. 

Un grand pas devait dtre franchi dans la nouvelle rdalisation. 
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En eflfet on d^sirait executor de fa^on entierement automatique: 
I’amen^e des wagons sur le pont bascule sans employer de loco- 
tracteur; le positionnement precis de chaque wagon sur les 
tabliers du pont; I’op^ration de tarage; la s61ection et la mise en 
condition des circuits correspondant aux produits k verser; 
le pesage en continu du wagon pendant le remplissage; la 
ddcroissance contrdlde du ddbit a I’approche du poids ddsird; 
la fermeture automatique des vannes; le retrait des bras de 
chargement i la fin du remplissage, et le passage au wagon 
suivant. 

Un des arguments essentiels qui militait en faveur des prin- 
cipes de realisation precedents, rdsidait dans la possibilite qui 
s’etait fait jour de travailler sur des rames des wagons atteies, 
sans effectuer de ddcrochage au moment du passage sur le pont 
bascule. Des mesures systematiques de poids ont en effet ete 
faites sur des wagons atteies, tampons non jointifs, attelages 
desserres. Elies ont prouve que les erreurs commises par cette 
methode restaient inferieures aux limites admissibles. Le gain 
du temps observe par la suppression des manoeuvres d’attelage 
et de decrochage, la diminution du personnel d’exploitation 
charge de ces operations, la suppression de la presence perma- 
nente d’un locotracteur, tels etaient les avantages essentiels 
attendus de cette nouvelle methode. 

Nous avons parie precedemment du grand debit impose au 
nouveau poste. II est important de ne pas se meprendre sur ce 
point. On pouvait penser en effet, qu’avoir un seul wagon en 
cours de remplissage sur le nouveau poste (au lieu de 14 simul- 
tandment sur I’ancien par exemple), ndcessite une trhs grande 
augmentation du debit unitaire des bras de chargement. En fait, 
nous avons dej^ souligne que le debit auquel est liee la notion 
du temps de remplissage, ne constitue pas I’eiement preponderant 
du cycle de chargement. Les temps morts, la multiplicite des 
manoeuvres avec le locotracteur, ont une trfes grande influence. 


Donnons quelques chiffres: 

(a) 14postes de chargement «ancienmodeie» equipes des bras 
de chargement de 4 4 6 pouces permettent de charger une rame 
de 14 wagons en 210 min environ, soit 15 min par wagon. 

(b) Le nouveau poste sous lequel ddfile la rame k charger, 
doit done avoir au minimum la m6me cadence. Le diam^tre 
intdrieur des bras de chargement (ou Cannes de remplissage) 
a 6t€ portd k 8 pouces. Cette augmentation relativement peu 
importante montre bien I’incidence des autres manoeuvres que 
celle du remplissage proprement dit sur la cadence de chargement. 

Nous distinguerons dans notre exposd, le trainage et le 
positionnement des wagons, le pesage individuel des citemes, 
et le remplissage en hydrocarbures. 

Trainage et Positionnement des Wagons 

Le dispositif dehalage des wagons par treuil cabestan est un 
dispositif classique et dprouvd. II comprend principalement: 

(a) Un chariot d’attelage automatique circulant sur une voie 
qui lui est propre, situde k Tintdrieur de la voie principale. 
II assure Tentrainement des wagons k ddplacer en emprisonnant 
les deux roues d’un mSme essieu entre deux paires de galets 
escamotables. Ce chariot tird dans les deux sens de marche par 
un cdble d’acier reposant sur les traverses et guidd par des 
poulies. 

(b) Un treuil cabestan entraine le cdble au moyen de deux 
poup6es motrices dont les vitesses dans les deux sens de rotation 
sont identiques. Le treuil est entraind par un moteur k deux 
enroulements; les variations de charges sont compensdes par 
Elimination de rEsistances rotoriques. La vitesse du chariot est 
de 0,80 m/sec k vide et de 0,40 m/sec en charge. 



Figure 1 


336 



UNE realisation originale dans UNE RAFFINERIE DE PETROLE: le charoement automatique des wagons citernes 


(c) Un syst^me tendeur agit sur le brin de cable situ6 entre 
les deux poupdes; Tadlidrence du c&ble est obtenue par Taction 
d’un contre-poids vertical. 

La recherche d’une automaticitd complete des opdrations de 
positionnement prdcis a prdsentd quelques difficultds dues 
essentiellement k la diversitd des wagons citernes (wagons 
a 2 boggies et ^ 2 essieux par boggie, wagons ^ 2 ou 3 essieux — 
longueurs variables, ddmes excentrds, etc. ...). II faut en effet 
qu’^ la position d’arrdt pour remplissage, les conditions suivantes 
soient rdunies: 

(a) Les roues de deux wagons contigus ne doivent pas se 
trouver simqltandment sur le mdme tablier du pont bascule. 

(b) Les ddmes de certains wagons etant parfois assez dloignds 
du plan transversal de la citeme, il faut choisir une position de 
remplissage de ces wagons qui soit telle que le capot du rdservoir 
(ou d6me) ne soit pas trop loin du plan transversal de symdtrie 
du poste de chargement, ceci afin de limiter les ddbattements 
longitudinaux des bras de chargement. 

L’analyse attentive des diffdrents cas possibles a permis de 
determiner: 

(a) Le nombre optimum de tabliers du pont bascule: quatre 
tabliers dans le cas de la Raffinerie de Reichtett en raison de la 
presence de certains wagons allemands dont la longueur 
atteint 17 m. 

(b) Un nombre limite de positions d’arrdt correspondant aux 
differents types de wagons et k la presentation du ddme pour 
les wagons k ddme excentre (ddme avant ou ddme arridre). 

Le classement des wagons par types est suppose connu avant 
Tarrivee de la rame au poste de chargement. La composition 
du train peut dtre alors affichee sur un pupitre de tabulation par 
Topdrateur du poste de commande. Les sequences des opera¬ 
tions de trainage feront appel automatiquement aux informa¬ 
tions precddemment indexdes et dlaboreront: la selection des 
fins de course de ralentissement et d’arrdt relatifs au wagon en 
approche, et la selection des tabliers concemes du pont 
bascule. 

En fait, en premier stade on a conserve Taffichage manuel 
de chaque type de wagon avant son depart vers la position 
chargement. Un tres large emploi a 6t6 fait de detecteurs magner 
tiques de proximite pour respecter les conditions de sdcurite 
imposdes aux materiels eiectriques, tout en conservant une 
definition precise des positions d’arrdt. 

Actuellement, un wagon appartenant une rame de 750 T 
dontretat de chargement est quelconque, sepositionne^ ± 20cm 
de la position d’arrdt prescrite, attelages detendus, tampons non 
jointifs (recommandations du Service des Poids et Mesures). 

La sequence des operations est la suivante: • 

(a) La rame de wagons vides est amende par le locotracteur 
k Textremite de la voie du poste de chargement. 

(b) En semi-automatique, le chariot de trainage va chercher 
cette rame et s’accouple au premier wagon qu’il amdne au poste 
de chargement sur la bascule, se ddsaccouple et sort de la 
bascule par Tavemt. 

(c) Les operations de trainage de toute la rame peuvent 
etre ensuite entidrement automatiques, 

id) Lorsque le wagon sur bascule est charge, le chariot part 
en grande vitesse (0,80 m/sec) k sa rencontre, emprisonne les 
roues du premier essieu et le tire en avant en vitesse moyenne 


(0,40 m/sec). Cest le wagon suivant qui conditionnera Tarret 
k la nouvelle position de remplissage. 

(e) Les pddales de voies correspondant au type de ce wagon 
ont ete sdlectionnees en m€me temps que Ton affichait le type 
de wagon. 

(/) Lorsque le wagon excite la pddale de ralentissement, le 
treuil cabestan passe en vitesse lente et enfin s’arrdte sur le signal 
foumi par la pddale d’arret. Le chariot reste accoupie, ce qui 
immobilise la rame pendant le chargement. 

(g) A la fin du remplissage, le chariot se desaccouple et vient 
en grande vitesse saisir le wagon charge et ainsi de suite. 

Pesage des W^ons 

L’etude precddemment evoqude, a conduit k Temploi d’un 
pont bascule k 4 tabliers. Cette disposition comportait de tres 
graves risques de deteriorer la precision attendue du dispositif 
de pesage (celui-ci devait, pour etre agree par les Poids et 
Mesures, assurer des pesees au millieme). 

En effet, Temploi de plusieurs tabliers necessite un seiecteur 
mdcanique pour realiser la commutation et la selection des 
tabliers intdresses. 

II est bien connu des specialistes de bascules, que Taugmen- 
tation du nombre de directions du seiecteur, en m6me temps 
qu’une plus grande complexite mecanique, conduit k une 
deterioration de la precision d^s que Ton depasse trois directions. 

C’est pourquoi, dans la realisation actuelle, il a ete decide 
de prendre des sdlecteurs k 2 directions, autrement dit de grouper 
deux par deux les tabliers et d’associer, k chacun des deux sdlec- 
teurs, une tete de mesure. 

On a reporte ainsi la difficulte hors du domaine mecanique 
et on a laisse aux dquipements eiectroniques associds, le soin 
d’eflfectuer Taddition des indications foumies par les deux tetes. 

D’autre part, la recherche d’une automaticite complete des 
operations de pesage et des manoeuvres assocides, imposait k 
Tdquipement les caractdristiques suivantes: possibilitd d’une 
pesde en continu, et presentation des poids mesurds en valeur 
numdrique. 

On ddsirait en effet confier au dispositif de pesage le rdle: 
de commander Touverture progressive des vannes au ddbut du 
remplissage; de rdduire cette ouverture k Tapproche du poids 
ordonnd en rdalisant une ddcroissance contrdlde du ddbit pour 
dviter les coups de bdlier dans les canalisations; de fermer les 
vannes au poids atteint, et d’dlaborer les signaux commandant 
Tinjection des dopes en cours de remplissage. 

L’installation rdalisde pour rdpondre k ces diffdrentes condi¬ 
tions, comporte les dispositifs suivants. Les deux tdtes de mesure 
du poids sont basdes sur le principe du comptage dlectronique; 
chaque tdte ddlivre tous les 50 kg une impulsion de comptage. 
A travers un circuit d’anticoincidence, les impulsions issues des 
deux tdtes sont envoydes dans un compteur unique. L’dquipement 
est compldtd par des circuits analogiques permettant de rdaliser 
les fonctions ci-dessus ddfinies (injection des dopes, ddcroissance 
contrdlde du ddbit) enfin par une machine dlectro comptable. 

Lorsque le wagon k remplir se trouve sur le pont bascule: 

(a) La selection des tabliers a ddja dtd effectude car elle est 
lide la selection de la position d’arrdt du wagon (famille 
du wagon). 

(b) L’opdrateur sdlectionne le type de produit k peser et 
tabule sur un clavier le poids net ordonnd ddsird. La valeur 
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num6rique de ce poids est envoyte k la machine Electro comD- 
table. 

(c) L’ordre tare est envoye. La valeur de la tare est introduite 
dans la machine comptable qui effectue I’addition: tare + poids 
net ordonne = poids brut ordonn^. Cette valeur est envoy^e 
dans le compteur de I’^quipement de pesage. 

(d) Le remplissage ^mmence et les impulsions 6mises par 
les t6tes de mesure, operent le vidage progressif du compteur. 

(e) Jusqu’au 1/20 du poids net ordonn6, le remplissage se 
fait ^ petit d6bit. A partir de cette valeur la vanne de regulation 
s’ouvre compietement. 

(f) L’iiyection des dopes est r^alisee k Taide des impulsions 
de commande eiaborees par les circuits de comptage. Ces 
impulsions surviennent tous les 250 kg k partir de (poids net/5) et 
jusqu’i (4 X poids net/5). 

(g) A 1000 kg du poids net, un circuit analogique branche 
sur la commande du point de consigne de la vanne regulation, 
commence k eiaborer I’ordre de fermeture progressive de la 
vanne, pour eviter les coups de beiier dans les canalisations. 

Remplissage des Wagons 

Les differents produits sont introduits dans les wagons par 
des Cannes teiescopiques semi souples, que nous decrirons plus 
loin. 

Afin de ne pas multiplier le nombre de Cannes de remplissage, 
un groupement de produits prdsentant des caract6ristiques 
voisines, a 6t6 op6r6. Ainsi la mdme caime peut 8tre utilise pour 
le remplissage de 2 ^ 5 produits distincts. La pollution r&ultant 
des portions de circuits communes aux diff6rents hydrocarbures 
transitant vers la m6me canne, reste inf6rieure aux valeurs 
admissibles. 

Pour une voie de chargement «produits blancs», les groupe- 
ments rdalis^s ont permis de r6duire k 4, le nombre de Cannes 
n^cessaire. 

La canalisation arrivant en tSte d’une canne de remplissage 
se trouve done racwrdde k wx certain nombre de tuyauteries 
d amen6e de produits. Les circuits sont contrdl^ chacun par 
une vanne de manoeuvre et une vanne d’isolement. 

Une vanne casse vide situ^e en tdte de chaque circuit de canne 
permet le vidage complet de la canalisation apr^ chaque 
operation de remplissage. 

Les 6gouttures qui risquent de se produire apr^ la purge 
pr6c6dente, sont retenues par des dispositifs spdeiaux de rtoi- 
p4ration. 


Cannes Tilescopiques 

Chaque canne se compose, dans sa partie haute, d’un tube 
rigide appel6 aiguille et, dans sa partie retractable, d’un tube 
flexible en neoprene arme. 

Cette conception pr^sente les avantages suivants \ 

(a) Augmentation de la securite. Les Cannes 6tant teiesco¬ 
piques et descendant au fond du wagon, il est possible d’en 
noyer la crepine tres rapidement, d’oh : diminution des turbu¬ 
lences et de reiectricite statique inherente ^ I’ecoulement rapide 
des produits. 

{b) Facilite de positionnement. La souplesse relative de la 
partie basse permet de contoumer sans dommage, certains 
obstacles se trouvant dans les citemes (vannes, leviers, tubes de 
rdchauffage, cloisons anti roulis, etc....) 

(c) Emploi facile. L’influence d’un faible d6placement 
accidentel du wagon en cours de remplissage peut 6tre sans 
inconvenient sur le dispositif, Un fort deplacement comme un 
tamponnement ou un depart en catastrophe se traduira par le 
sectionnement de la partie flexible dont le remplacement est 
facile et d’un coflt peu eieve. 

Par ailleurs, les Cannes presentent les particularites suivantes: 

(a) Leur conception teiescopique n’augmente que de tres peu 
la quantite de matiere adherant aux parois et destinee k s’egout- 
ter, car un dispositif racleur nettoie le tube k chaque manoeuvre; 

(b) Elies portent, k leur partie inf6rieure, une crepine dont 
la fonne est etudiee afin de reduire les turbulences et les vitesses 
relatives. Elies sont munies d’une butde souple destinee k 
amortir les chocs lors de la rencontre d’obstacles ou du fond 
des citernes; 

(c) Les Cannes sont con^ues de fa^on k permettre un gonfle- 
ment eventual du neoprene et des systemes speciaux de guidage 
sont destines k attenuer les deformations temporaires ou per- 
manentes de la partie flexible; 

(d) Chaque canne est manoeuvree 4 I’aide d’un dispositif 
mecamque k chalnes entratne par un moteur anti-deflagrant. 
Le dispositif de suspension est souple et destine k absorber les 
contraintes que peut subir une canne k la descente. Lorsqu’elle 
rencontre un Obstacle, l’arr6t du moteur est automatiquement 
dedenche par un detecteur magnetique. 

II n’y a aucun risque d’accumulation d’eiectricite statique 
sur la canne, celie-ci etant noyee dans le produit. D’autre part, 
k la remontee, des racleurs ramenent I’extremite de la canne au 
potentiel de I’aiguille. 
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Le diamfetre utile intdrieur de la canne est de 200 mm Le 
diamfetre extdrieur est de 230 mm. Cette demise valeur cons- 
titue la cote maximale compatible avec les diamitres des plus 
petits ddmes. En effet, sur certains wagons anciens, on a 
rencontrd des diam^tres utiles de 280 man. 

Chariot Porte-cannes 

Les Cannes sont montdes sur un chariot en treillis mdtallique 
qui peut se ddplacer suivant un axe paralldle k la voie afln 
d amener la canne de remplissage k la verticale du ddme. 

Les deux opdrations prdcddentes (positionnement et descente 
de la canne) seront automatisdes k un stade ultdrieur. Pour le 
moment I’exiguitd des ddmes des wagons anciens rend ce per- 
fectionnement hasardeux et probablement inutile, compte tenu 
du faible taux d’occupation des ojjdrateurs chargds de I’exploi- 
tation. 

Conditioiis d’ExpIoitation 

Un poste de chargement double, c’est-i-dire desservant deux 
voies ferrdw paraUdles (et done dquivalant k une trentaine de 
postes ancien moddle) peut fonctionner avec deux opdrateurs. 

(a) L opdratexu principal situd dans le poste de commande 
commun aux deux voies assure les diffdrentes manoeuvres 


d’exploitation et la surveillance k I’aide des puphres de command 
et de contrdle mis i sa disposition. 

(^) Un opdrateur chargd de I’ouverture et de la fermetur< 
dM ddmes et de certaines manoeuvres accessoires, telles que 
mise k la terre des wagons, plombage des ddmes, etc..,. 

Par rapport aux elfectifs affeetds k des postes de rhar gi» mfT > 
de type ancien, la rdduction obtenue est spectaculaire. 

CtHidiisions 

Biai des perfectionnements peuvent dtre encore rdalisds Hans 
les postes de chargement de wagons citemes. Les efforts doiveni 
porter sur I’intdgration plus intime des operations de chargement 
daM le complexe mdcanograpliique de la raffinerie. II est 
raisonnable de penser en eflfet que tris prochainement, les bons 
de chargement, acheminds actuellement par porteur, seront 
eiabords sous forme de cartes perfordes. La lecture des cartes, 
la transmission par tdldcommande de ces informations jusqu’aux 
postes de chargement, se feront automatiquement, de mdme que 
la centralisation en retour des renseignements foumis par les 
postes de remplissage. On aboutira ainsi i une organisation 
mdeanographique trds centralisde qui fadlitera la gestion 
commerdale de I’entreprise. 


DISCUSSION 


P. Koch, Swiss Federal Offee of Weights and Measures, Wildstrasse 3 
Berne, Switzerland 

Mr. Montjean has mentioned the possibility of a direct link between 
the loading system and a data processing machine. 

^ a member of the Swiss Federal Office of Weights and Measures, 
I wish to pose a special problem. From the viewpoint of legal tech¬ 
nology in such a case at least one output of the data processing system 
has the significance of the normal scale indication which is found in 
traditional mechanical balances. This quantity information has always 
been regarded as one which must be very accurate and reliable. We 
would therefore expect a certain amount of error correction or error 
detection in the corresponding data link. 

Unfortunately, in many cases similar to the one described here, 
we find only relatively simple straightforward transmitting systems! 
I think that this point should receive more attention. Will Mr. Mont- 
le^ say what trends are known to him concerning this problem, and 
what are his personal opinions? 

F. X. Montjean, in reply 

In the instaUation built , at Reichstett by the Companie Gdn^rale 
d Automatisme, the weighing system has the following characteristics. 

The accuracy required and obtained was 50 kg, the mayimnm Tare 
bemg 8 metric tons and the maximum total weight 120 tons. No device 
im been put on the mechanical axles of the weighing system, and in 
ml cases the weight is locally determined by an electronic system. 
There is, thertfore, no data link in the weighing system itself. 

In future improvements to be made in this installation, there will 
1^ a da.ta processing system located at a remote position. Nevertheless, 
the weight will be computed locally and then transmitted to that data 
processing equipment, with some kind of error preventing system 
to aU cases there will always be a kind of ‘scale indicator’ located in 
the control room. 

The weighing systems described here have been approved by the 
French ‘Service des Instruments de Mesure’. 


G. Stiker, Central Measurement Research Laboratory^ Hungary 

What was the accuracy required for measuring the net weight and 
what was the accuracy obtained in practice? 

What was the accuracy required for the percentage of additives and 
what was the accuracy obtained ? 

What was the temperature range? 

Are there any safeguards against accidental overfilling? 

Where are the Tare data obtained? Are fiiey measured or pro¬ 
grammed? 


F. X. Montjean, in reply 

The accuracy required for measuring the net weight was 50 kg. This 
accuracy was obtained in practice. No systematic statistical controls 
have been developed so far to obtain the standard error. 

^ No' better accuracy has been obtained, nor is it required for ad¬ 
ditives beyond that given by conventional volumetric pumps; these 
do not give the accuracy required for in-line blending. 

With regard to temperature, this question has several aspects. The 
majority of the products are loaded at ambient temperature; some 
black products, however, require to be maintained at 140® to 200®C, 
and for these a set of special loading pipes has been developed with 
bmlt-in heating systems. Another aspect is that the accounting section 
gives the loading station the weight of the product to be loaded. A. 
computer is now under development which wiU compute the volume 
of a given product at 15®C from a given weight, and vice versa. 

There is at present no safeguard against overfilling, 
to other loading stations at present under construction, there will 
be such safeguards using either ultrasonic or pneumatic sensing 
elements. 

The Tare of each tanker is weighed as soon as it is positioned on 
the weighing bridge, and is stored in a memory unit. After loading, 
a static measure of the total weight is made, and flie net weight ob¬ 
tained. 
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AUTOMATION IN INDUSTRIAL PROCESSES 


Le Traitement du Probleme d’Optimalisation par A. 110 

E. HONORS 


Summary 

This paper is concerned with the optimization of JV variables, where N 
is finite. It is required to minimize (or maximize) an expression 
h(x^ y,...) where the N variables x, y... satisfy a certain number of 
equations/i(x, y,...) = 0 and inequalitiesy,,.) ^ 0 (or ^ 0). 

By using a physical analogy of a problem defined in this, way, it is 
possible to find a criterion which the solution must satisfy. This 
criterion can be expressed mathematically by a system of N equations 
which include the partial derivations of/^, and h and a certain num¬ 
ber of parameters constrained to satisfy certain conditions. 

/ The organization of the Analac computer is such that a reversible 
error distribution system is built up by connecting standard com¬ 
puting units. By choosing suitable computing units, this leads directly 
to the solution of the above system of N equations. 

Two new computing units for optimum and constraint have now 
been developed and these units produce parameters which satisfy the 
above-mentioned criterion. These new computing units enable the 
Analac computer to solve many optimization problems directly from 
the basic equations. 

Sommaire 

Dans le present expos6 on consid^re Foptimalisation d un nombre 
fini N de grandeurs et plus exactement on cherche k minimaliser 
(ou maximaliser) une expression ^(x,y,...), les N grandeurs x,y... 
6tant par ailleurs assujetties k satisfaire un certain nombre d*6quations 
/f (x, y ...) = 0 et d’in^quations g^{x, y ...) ^ 0 (ou ^ 0). 

En utilisant une analogie physique du problfeme ainsi d^fini il est 
possible de ddgager un crit^re auquel doit satisfaire la solution du 
probl6me. Ce crit6re se traduit math6matiquement par un syst^me de 
N Equations faisant intervenir les d^riv^es partielles^ des expressions 
fi,g^ et h et un certain nombre de param^tres assujettis k satisfaire 
certaines conditions. 

L’organisation originate du calculateur A110, qui permet a 
rop6rateur de r6aliser automatiquement un r^partiteur d erreurs 
reversible, conduit directement, par le simple fait ‘d’^crire’ les 
sions/^, g^ et h sur le calculateur k Taide de blocs de calcul standards, a 
la realisation du systeme de N equations ci-dessus. 

La creation de deux blocs nouveaux: bloc contrainte et bloc 
optimum, eiaborant les parametres satisfaisant aux conditions du 
critefe defini precedement permet done au calculateur A110 de 
trailer directement de nombreux probiemes d’Optimalisation en 
utilisant tout simplement les equations d’origine. 

Zusammenfassung 

In dieser Arbeit wird die Optimierung von N GrbBen befrachtet, wobd 
die Zahl N endlich ist; genauer gesagt,.man sucht einen Ausdruck 


h (x, y,...) minimal (oder maximal) zu machen, wobei die N GrdBen 
X, y,... einer gewissen Zahl von Gleichungen (x, y,...) =0 und 
Ungleichungen g^ (x, y,...) > 0 (oder ^ 0) geniigen. 

Durch eine physikalische Analogie eines so definierten Problems 
ist es mbglich, eine Bedingung zu finden, der die Ldsung geniigen muB. 
Diese Bedingung laOt sich mathematisch durch ein System von N 
Gleichungen ausdriicken, die die partiellen Ableitungen der A\k- 
driicke g^ und h und eine gewisse Anzahl von Parameterbeschran- 
kungen enthalten. 

Der Aufbau desRechners A110 erlaubt es, mit Hilfe von standardi- 
sierten Recheneinheiten selbsttatig abhSngig vom jeweils vorher- 
gehenden Fehler (iterativ) die Berechnung auszufiihren. Ein ein- 
faches Eingeben der Ausdriicke/|, gj und h in den Rechner fUhrt 
direkt zu Lbsungen der oben angegebenen N Gleichungen. 

Zwei neue Recheneinheiten fur das Optimum und fur die Be- 
schrankungen wurden entwickelt. Diese Einheiten ergeben Para¬ 
meter, die den obigen Bedingungen genUgen. Diese neuen Einheiten 
ermdglichen es, zusammen mit dem Analac-Rechner A 110, viele 
Optimalwertprobleme direkt aus den zugrunde liegenden Gleichungen 
zu Ibsen. 


Definition Mathematique du Probleme d’Optimalisation 

Le terme d’Optimalisation k Theure actuelle s’emploie de plus en 
plus frbquemment. Suivant les domaines ihteress6s, il s*applique 
k des operations trbs diverses dans leur forme et dans lem esprit. 

Par exemple, dans le cadre de la Recherche op6rationnelle, 
I’optimalisation englobe divers probiemes tels que: optimalisa- 
tion d’une ou plusieurs grandeurs; optimalisation d’lme ou 
plusieurs fonctions; optimalisation d’un processus. 

Il y a d’ailleurs ime certaine continuit6 entre ces probiemes, 
car pour optimaliser par exemple im processus, il suffit souvent 
d’optimaliser un certain nombre de parambtres. 

H convient done, avant d’aborder le sujet principal de cet 
expose e’est-h-dire le traitement direct du probleme d’Optima¬ 
lisation par le calculateur ANALAC ‘A 110’ de preciser ce que 
Ton entend ici par ‘problbme d’Optimalisation’. 

Il s’agit de probibrnes qui sont k priori, limites k Toptimali- 
sation d’un nombre fini de grandeurs, et qui plus precisdment 
encore peuvent btre ddfinis comme suit: un certain nombre, N, 
de grandeurs x, y, ... etant assujetties k satisfaire, d’une part 
k un certain nombre, w, d’equations de la forme: f (x, y,. • •) === 0 
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et d’autre part, k un certain nombre, n\ d’indquations de la 
forme: 3 ^, .*.) ^ 0 (ou ^ 0 ) trouver les valeurs de 

pour lesquelles une certaine expression: P ^ h(x, y, z,...) est 
minimale ou maximale. 

Le nombre des grandeurs N, celui des Equations et celui 
des inequations n’ont d’autres limites que la suivante: n< N. 
Les fonctions/, g, et h peuvent etre des fonctions mathematiques 
ou empiriques quelconques, de sorte que les possibilit 6 s du 
precede compremient tous les cas generalement designes par 
les appellations de programmation lindaire et non lineaire. 
De plus, les fonctions /, g, h, peuvent comporter un certain 
nombre de parametres fixes ou variables, par exemple en fonc- 
tion du temps, de sorte que le precede s’etend, k la fois, aux 
probiemes statiques et aux problemes dynamiques. 

II est d’ailleurs possible de donner du probieme d’optimalisa- 
tion ainsi defini, une analogie physique, dans laquelle, on con- 
sidere que les grandeurs x, 7 ,... representent les coordonnes 
d’un point M dans un espace k N dimensions. 

Ce point M est assujetti: d’une part k appartenir aux 
n surfaces definies par les equations/(x, 3 ^,...) = 0 ;, d’autre part 
^ demeurer k I’interieur d’un certain domaine deiimite par les 
n' surfaces definies par les equations ^ (x, 3 ^,...) = 0 ; en effet, 
on peut considerer qu’une inequation telle que g (x, y,,.^ 0 , 
interdit au point M de penetrer dans une partie de Tespace a N 
dimensions considere, la limite etant definie par la surface 
^ = 0 . 

Par ailleurs, le point M est soumis k un champ de forces qui 
derive d’un potentiel de valeur P = A (x, y,...) et qui a par 
suite tendance k deplacer le point M de fa?on k rendre ce 
potentiel minimum. 

Cette analogie physique va permettre de ddgager un critere 
auquel doit satisfaire la solution du probieme. 

Critere d’une Solution 

Pour degager ce critere, on va considerer successivement les 
diverses forces qui s’exercent sur le point M. 

Ces forces sont dues: d’une part aux reactions des surfaces 
/= 0 ; d’autre part aux reactions eventuelles des surfaces ^ = 0 ; 
et enfin k la reaction du potentiel h. 

Si I’on considere d’abord les forces exercees sur le point M 
du fait des surfaces /= 0 , il est clair d’une part, qu’elles sont 
dirigees suivant les normales k ces surfaces et d’autre part, que 
leurs grandeurs sont toujours telles qu’elles maintiennent 
imperativement le point M sur les surfaces / — 0. 

II en rdsulte, par exemple pour la force Fi dfie k la reaction 
de la surface yj == 0 : premi^rement, que ses composantes Fix, 
Fiy,.,. sont respectivement proportionnelles aux derivdes 
partielles b fjb x, h /Jh y de la fonction A (x, y,...) et deuxibme- 
ment, que le coefficient de proportionnalitd Fi peut 8 tre positif, 
nul ou n 6 gatif, mais qu’il est toujours tel que/^ = 0 . 

En d’autres termes, on a 

dftIQx dfildy 

avec'Fi tel que/i ix,y, ...) soit imperativemeat 6 gal i z 6 ro. 

Pour cda, il suffit que soit ddduit de/i par rintertnddiaire 
d’une fonction de transfert convMjable, c’est-^-dire comportant 
essentiellement une integration temporelle Ft = — K^fi'dt. 

On peut voir en effet que dans ces conditions rdquilibre 
n’est possible que pour/i = 0 . 


Si Ton considere maintenant les forces exercdes sur le point M 
du fait des surfaces ^ = 0, fl est clair: d’une part, que ces forces 
sont nulles dis que la valeur de I’expression g (jc, jr,...) se trouve 
etre diflKrente de zero et avoir le signe impose par I’inequation 
consideree et d’autre part, que dfes que la valeur de I’expression 
g (pc, a tendance il changer de signe (et par suite i ne plus 
respecter I’inequation consideree), ces forces ont des valeurs 
non nulles. Elies sont alors dirigees suivant la normale aux 
surfaces g' = 0 et leurs grandeurs sont telles qu’elles interdisait 
aux expressions g (x, y ,...) de prendre des valeurs d’un signe 
contraire il celui impose par I’inequation correspondante. 

Il en resulte par exemple pour la force Gj dOe il la reaction 
de la surface gj = 0 (en supposant que I’inequation consideree 
est gj^O): premierement, que ses composantes Gj^, Gjy sont 
respectivement proportionnelles aux derivees partielles d gjjb x, 
igjlby... d&la. fonction gj (x, y,...) et deuxiemement, que le 
coefficient de proportionalite Gj, d’une part est nul lorsque le 
point M est dans la partie du domaine oh on a 

gjix,y,...)>0 

d’autre part est positif ou nul lorsque le point M est au contact 
de la surface = 0. Il est alors tel qu’il interdit ii I’expression 
gi(x,y ,...) de devenir negative; il empfiche en quelque sorte 
le point M de traverser la surface gj — 0. En d’autres termes, on a: 

^Jy — —Q, 

dgjIQx dgjidy •' 

avec Gj =0 si gj> 0. Si au contraire gj=‘0,Gj'^0 et tel que 
gf (x, y ,ne puisse devenir ndgatif. Pour cela il suffit que Gj 
soit ddduit de gj par I’interm^diaire d’une sorte de fonction de 
transfert comportant essentiellement une int6gration temporelle 

Gj - Kiyj-dt 

et une commutation telle , que la grandeur yj soit dgale h la plus 
petite (au sens alg6brique du terme) des deux valeurs Gj et gj. 

On pourrait voir en effet que dans ces conditions I’^quilibre 
n’est possible que dans I’un ou I’autre des deux 6tats suivants: 

(a) Si Gj > gj on & yj = gj et par suite Gj^ — Kj gj dt; 
de sorte que I’dquilibre n’est possible que pour = 0; 

(b) Si Gj < gj onnyj = Gj et par suite Gj ~ Gj dr; 
de sorte que I’dquilibre n’est possible que pour Gj = 0. 

On a consid6r6 le cas oh ^ 0, mais il est bien Evident que 
le raisonnement se transpose ais6ment au cas oh ^ 0 et 
conduit h: 

Gj=0 si gj<0 

et si au contraire gj = 0,Gj^ 0 et tel que gj(x, y,...) ne puisse 
devenir positif. 

Si Ton considhre maintenant la force exercie sur le point Af 
du fait du champ de forces dirivant du potentiel A (x,y,...) il 
est clair, d’une part qu’elle est dirigde suivant k normale h la 
surface dquipotentielle: h(x,y ,...) = constante, passant par le 
point M, et d’autre part, qu’elle tend i faire ddcroitre I’expression 
/(x,y ,...). 

nen r6sulte: premihrement que ses composantes if,, if,,... 
sont respectivement proportionelles aux ddrivdes partielles 
h A/d X, h A/h % ... de la fonction A (x, j-,...) et deuxihmement 
que le coefficirait de proportionnalit6 if a le signe voulu pour 
tendre h faire varier I’expression A (x, y,...) dans le sens ddsire. 
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En d’autres termes, on a: 

Qhjdx Qhjdy 

le signe de H dtant positif si h {x, y, = max; ndgatif 
si A(x,y,...) = mm. et sa grandeur pouvant k priori fitre 
quelconque. Pratiquement dans le montage utilise, on adoptera 
pour If une valeur constante. 

II est Clair que le point M ne pent se fixer k ime position 
d’dquilibre que lorsque la somme des forces qui lui sent appli- 
qudes est nulle, autrement dit lorsque Ton a; 

jy relations 

, If,,+j:gj,+h,=o) 


Son fonctionnement est tel que la tension et I’intensitd de 
sortie, V, et I, sont lides i la tension et k I’intensitd d’entrde, 
Vg et le par les relations: 

Vs=h et Ie=A’Ve 
A 

A dtant une admittance rdactive, dite admittance caraetdris- 
tique de la cellule. 

Mais 6tant donn6 la sym^trie de la cellule, ces relations sont 
toutes r^versibles et peuvent tout aussi bien sc lire 

et Ie=A'Ve 
A 

Une telle cellule n’a done pas de sens de fonctionnement 
privil6gi6: elle est reversible, 


Au total, il apparait done que la solution cherchde est 
caract6ris6e par I’ensemble des Equations et conditions ci-apr^. 




‘0X 


8x" ax 


V p G ^^+H—=0 


aj' 03' 


N equations 


(i variant de 1 i « ety de 1 i «')• 

Chacun des coefficients Fi doit 6tre tel que fi (x,y ,...) ~ 

Les expressions gj (x, y,.. •) intervenant dans les indquations 
le la forme g’# k 0 peuvent dtre positives ou nuUra; dans le 
premier cas, le coefficient Gj qui leur correspond doit 6tre nul, 
dans le second cas il doit dtre positif ou nul et tel que gj ne 
devienne pas ndgatif. Les expressions gj (x, y,...) intervei^t 
dans les indquations de la forme g# ^ 0 peuvent dtre ndgativw 
ou nulles; dans le premier cas, le coefficient Gj qui leur correspond 
doit dtre nul; dans le second cas, il doit Stre ndgatif ou nul et tel 
que gj ne deviame pas positif. Le coefficient H est positif si 
I’expression h (x, y,...) doit Stre maximale, et ndgatif si I’expres- 
sion A (x,yj...) doit Stre minimale. . 

On va voir dans' ce qui suit que du fait de son organisation 
et plus particuliSranent de la prdsence de son rdpartiteur 
d’erreurs rdversible, le calculateur A 110 rdalise tout naturelle- 
ment le systSme de N dquations d-dessus. 


Rappel 

H n’est pas question ici de prdsenter en ddtail les carairtdris- 
tiques de la technique ANALAC (voir artides de Honord, 
Torcheux et Uffler dans la revue frangaise ‘I’Onde Eledrique 
numdros d’oetobre et ddeembre 1960). On se bomera simple- 
mmt, pour fadliter la comprdhension de ce qui suit, k rappeler 
quelques unes de ses propridtds fondamentales. 

Cellule de Ccdcul 

La cellule de calcul ANALAC utUise des tensions et inten- 
sitds alternatives de frdquence fixe de I’ordre de 500 kHz. Elle 
est composde uniquement de seifs et de capadtds disposdes 
symdtriquement de telle sorte que la cellule, vue de I’entrde ou 
de la sortie, se prdsente exactement de la mSme faqon. 


Ripartiteur d^Erreurs 

La r6versibilit6 des cellules de calcul permet entre autres 
applications la rdsolution automatique de systdmes d’dquations 
implicites grdee au rdpartiteur d’erreurs. ^ 

La rdalisation et la mise en auvre de ce rdpartiteur d eireurs 
sont illustrdes par le schdma de la Figure 1 dans le cas particulier 
ou on a 3 dquations i 3 inconnues 


f(x,y,z)=^ 

g(x,y,z)=0 

h(x,y,z)=‘0 


Trois servomdeanismes Sg sont essentieHement 

destinds k dlaborer les valeurs instantandes x, y, z des variables. 

A partir de ces valeurs, un premier rdseau de calcul (rdseau 1) 
dlabore les tensions reprdsentatives des grandeurs /(x, y, z,). 


ix,y,z,),h(x,y,z,). 

Un second rdseau de calcul (rdseau II) re 90 it les tensions 
eprdsentatives des grandeurs /, g, h, et dlabore 3 tensions 
\x,by,bz qui sont utilisdes pour commander respectivem«it 

es servomdeanismes S*, >Sj, S'*. •, » 

C’est ce rdseau II qui constitue le rdpartiteur d’erreurs; u est 
sssentiellement constitud par les cellules reprdsentdes sur la 
igure; trois de ces ceUules sont fixes et de valeur unitd, les neuf 
uitres sont variables sous I’action des grandeurs x, y, z, k 1 aide 
le dispositifs non reprdsentds sur la figure et leurs atoittances 
iaraetdristiques sont respectivement dgales aux ddrivdes par- 


jc, y, 

Du fait mdme de la rdversibilitd des cellules de calcul, les 
tensions dx, dy, dz sont alors ddfinies par les dquations 
suivantes: 

** so-y.*) 

et on peut voir par suite qu’elles reprdsentent au deuxidme 
prds, I’dcart entre les valeurs instantandes x, y, z des vanables 
et les valeurs x„ y„ z, de la solution du systdme considdrd. 


343 



E. HONORS 



n en r&ulte en particuUer que les scrvom&anismes se 
stabiljsent automatiquement sur les valeurs x = x,-, y = y 
z = c’est-i-dire pour la solution du syst&ne. II est 1. signgW 
par adleurs que dans le cas oil on a plus d’ 6 quations que d’incon- 
nues (Equations surabondantes), le rdpartiteur d’erreurs am&ie 
automatiquement les inconnues k des valeurs optimales en ce 
Mns qu’elles satisfont au critfere de Newton (somme des carr& 
des errems minimale). Enfin il est k noter que, dans tous les 
cas, I« boucles de commande des divers servom&anismes sont 
completement d 6 coupl 6 es et ont un gain constant. 

On obtient ainsi une solution automatiquement stable. 


Organisation du Calculateur A 110 


1^ calculateur A 110 est essentiellement constitu€ par un 
meuble support dans lequel I’utilisateur place des blocs de 
calcul mobiles. 


Parmi ces blocs de calcul, certains dits ‘blocs facteurs’ 
aaborrat les dilKrents facteurs, constantes ou variables; d’autres 
dits blocs alg^briques’ permettent ‘d’&rire’ les Equations math^- 
matiques comme sur im tableau noir. 


. Pamu les blocs algdbriques on distingue d’une part les 
blocs mondmes’ (un bloc mondme correspond k un terme de 


n est importtot de noter que le simple fait ‘d’&rire’ sur le 
calculateur i I’aide de ‘blocs alg^briques’ les Equations / = 0 
g - 0 et A = 0 et de raccorder les blocs monOmes aux blocs 
twteurs correspondants conduit automatiquement k la realisa¬ 
tion du schema de la Figure 1. En d’autres. termes sans qu’il ait 
k s en prtoccuper, I’operateur a realise simultanement le reseau 
de ^cul direct (rdseau 1 ) et le repartiteur d’erreurs (reseau II) 

Iw blocs Egalite’ realisant les liaisons voulues entre les deux 
reseaux. 


Resolution du Probieme d’Optimalisation 

On va voir maintenant que les proprietes rappeiees ci-dessus 
permettent au calculateur A 110 de resoudre directement les 


dJSSr ont <5te definis prece- 

La Figure 2 donne le schema du montage utilise k cet efifet. 

Ce montage comporte essentieUement: N servomecanismes: 
ih, * 2 ,... Sn; un premier reseau de calcul (reseau I); des dis- 

deuxieme reseau de 

cidcid (reseau II) qui est essentiellemrait constitue par des 
^ules variables dont les admittances caracteristiques sont 
g^es aux denvees partielles des expressions fi(x,y,...), 
Sj (X, y, .), h (x, y,...) par rapport k chacune des N variables 
X, y, . .. (Le cas echeant ces cellules sont done commandees oar 

surkfiS) ■" ^ «>nnexions non representees 

11 esU noter que, de m&ne que pour le repartiteur d’erreurs, 
e simple fait ‘d’ecrire’ sur le calculateur les expressions 

i yt *• (x,, h (Xy k I’aide de blocs mondmes 

OM^uit automatiquement k la realisation des reseaux 1 et n de 
la J^gure 2. Par aiUeurs, les dispositifs intermediaires se placent 
de la m 6 me faeon que les blocs Egalite. 

En (X qui conceme le fonctionnement de ce montage: Les N 
servomecanismes eiaborent les valeurs instantanees des ATvaria- 
es x, y,..., le reseau I eiabore 4 partir de ces valeurs instanta- 
ne« les tensions representatives des grandeurs fi(x,y,...), 
C^j y^ •••)> h. (x, yy les dispositifs Df^ et Dgj recoivent les 
tensions/i et et dlaborent k partir de ces tensions des tensions 

Fi et Gj ; le dispositif Dj^ foumit une tension H (Le processus de 
tonctionnement de os divers dispositifs sera examine plus loin); 
et le reseau II re 9 oit les diverses tensions F* et H\ il en r 6 - 
suite, conformement k la theorie generale des cellules rappeiee 
precede^ent, I’apparition d’intensites /*, 4 , ... en chacune 
des sorties du reseau H; ces intensites etant telles que* 




0gjf 


dx 
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Reseau I Peseau II 

Figure 2 


Les sorties du r&eau II 6tant branch^es directement sur les 
entries des AT servom6canismes, les intensity ci dessus d6biteiit 
sur des resistances R de valeur tr^s grande (supposee la rndme 
pour toutes); il en r^sulte rapparition de tensions dg,, by^ 
aux diverses sorties du r^seau 11 avec: 

5y=R-I, 


suffisante pour assurer aux boucles des divers servom6canismes 
un gain convenable. 

Le dispositif Djt est done essentiellement une simple source 
de tension fixe. (Par ailleurs, il permet 6galement de coimsdtre 
la valeur de I’expression h (jc, y,...).) 

Dans I’organisation ANALAC, il est realise sous forme d'un 
bloc de calcul, dit bloc ‘Optimum’ qui s’utilise de la m^me 
fa^on qu’un bloc Egalite. 


Il est evident que les servomecanismes iSi,..iJ/y ne peuvent 
se fixer k une position d’equilibre que si les tensions bx^ by,,., 
done que si les intensites 4, ly sont nuUes, e’est-a-dire si on a: 




N equations 


Ce systeme de N equations etant identique k celui etabli 
precedemment lors de I’etude du critere de la solution du pro- 
bieme au-dessus, il en resulte que les valeurs x,y,... eiaborees 
par les servomecanismes constituent une solution du probieme 
d’optimalisation considere. 

Il ne reste plus qu’^ examiner comment les disposftifs inter- 
mediaires Dfi, Dj^ realisent les conditions particulieres 
interessant les grandeurs 4, et H, Cela fait I’objet du chapitre 
suivant. 


Rdle, Constitution et Fonctionnement des Dispositifs Inter- 
mediaires 

Dispositif 

Il a pour rdle d’eiaborer la tension H, 

On a vu que cette tension a une valeur constante, negative 
lorsque I’expression h(x,y,,,,) doit 6tre minimale, positive 
lorsque cette expression doit dtre maximale. 

Plus precisement, cette valeur est relativement faible, juste 


Dispositif Dfi 

Ce dispositif a pour r61e de realiser entre les grandeurs)^ et 
Fi la fonction de transfert convenable indiquee au-dessus. 

En pratique, on realise la fonction de transfert 



La constante de temps r etant de I’ordre de la milliseconde; 
le terme joue le rdle d’un circuit correcteur et permet le 
passage de signaux rapides, assurant ainsi en association avec 
la reversibilite du reseau II la parfaite stabilite des solutions 
(comme pour le repartiteur d’erreurs). 

Schematise par la Figure 3, le dispositif Df^ comporte essen¬ 
tiellement: une voie directe avec inversion de signe (ampli — 1); 
xme voie integration avec un integrateur rapide (constante de 
temps de I’ordre de la milliseconde); un dispositif additionneur 
pour faire la somme des resultats des 2 voies et foumir FJ. 

Dans I’organisation ANALAC, ce dispositif est realise par 
Tassociation de 2 blocs de calcul — d’une part, un bloc SM 




Figure 3 
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Standard qui assure I’int^gration rapide, et d’autre part, un bloc 
dit bloc ‘Contrainte’ qui realise tout le reste et qui s’utilise 
comme un bloc Egalitd. 

Dispositif Dg^ 

Ce dispositif a pour r61e de realiser entre les grandeurs et 
la fonction de transfert particuli^re indiquee au-dessus avec 
les commutations convenables. 

£n pratique, pour les mdmes raisons que dans le cas du dis-* 
positif Dfi, on r^lise Topdra-tion 



T dtant toujours de Tordre de la milliseconde et dtant dgal 
k la plus petite (au sens algdbrique du terme) des deux valeurs 
et gi. 



Figure 4 


Schematise par la Figure 4^ le dispositif Dg^ comporte 
essentiellement: une voie directe avec inversion de signe (ampli 
— 1); un dispositif commutateur C qui re^oit les deux tensions 
et gj et eiabore la tension y^ (ce dispositif est rdalisd k Taide 
de diodes); une voie integration avec un integrateur rapide 
alimentee par la tension et un dispositif additionneur pour 
faire la somme des resultats des 2 voies et foumir G^. 

Bien entendu, cela s’applique au cas ou on a gj (x, y, ..,)>0; 
dans le cas oh on a g^ (x, y,0, il suffit de prendre pour 


tension y^ la plus grande (au sens algdbrique du terme) des deux 
tensions G^ et g^. 

En fait dans Torganisation ANALAC, le bloc ‘Contrainte’ 
vu plus haut comporte toujours le dispositif de commutation k 
diodes C. 

II lui est done possible, par simple commutation et toujours 
en association avec un bloc SM de jouer soit (a) le r6le d’un 
dispositif Dfi, (b) le r61e d’un dispositif Dg^ avec ^ 0 et 
(c) le r61e d’un dispositif Dgj avec g^ 0. 

Conclusion 

Du fait de ses caract6ristiques particuliferes, le calculateur 
Alio se prdte tout naturellement au traitement des systhmes 
d’^uations surabondantes, m6me si ces systhmes comportent k 
la fois des Equations approch^es et des Equations ou inequations 
rigoureuses. 

Mais ses possibilit6s dans le cadre des probiemes d’optimali- 
sation vont beaucoup plus loin puisqu’il donne k ses utiHsateurs 
le moyen de traiter tous les probiemes comportant des combi- 
naisons quelconques de conditions de maximum ou de minimum, 
d’equations ou d’inequations. 

U est h preciser que ces propridtds s’appliquent k des pro- 
blames comportant un grand nombre de variables et un grand 
nombre d’equations et inequations lineaires ou non lineaires. 

Elies s’appliquent egalement lorsque le problhme comporte 
des parametres variables en fonction du temps e’est-h-dire aux 
problemes dynamiques. 

II est h noter en outre, que quelle que soit la complexite du 
probieme considere, la stabilite des solutions est toujours par- 
faitement assuree. 

II est k remarquer enfin que le travail de Toperateur est parti- 
culihrement aise puisqu’il lui suffit de porter sur la machine les 
expressions, Equations et inequations du problhme, et ceci sous 
la forme mdme ou elles se prdsentent. 
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Automation of a Portland Cement Plant 
Using a Digital Control Computer 

R. A. PHILLIPS 


Summary 

A Portland cement plant consists of quarry, raw mix, blending and 
grinding, kiln burning, clinker grinding and packing and shipping 
departments through which material flows sequentially. The computer 
keeps a perpetual inventory of the quarry (three-dimensional model) 
so that it can direct the digging and blasting operation to meet plant 
and company objectives. The computer calculates the proper pro¬ 
portions of the several raw materials, using data obtained from an 
on-line X-ray chemical analysis of the mbcture, thus closing the loop. 
The kihis are controlled automatically, using an analytically-deter¬ 
mined model of the chemical-thermodynamic process. The model and 
the complex rules for control during kiln start-up, normal operationi 
and corrective action during upsets are stored in and executed by the 
computer. The efficiency of operation is calculated and recorded, off- 
normal alarms scanned and recorded, and records kept of down time 
in each of the departments. Management operating reports are pre¬ 
pared and typed on-line in the form of hourly logs. 

Most of the closed-loop computer control is in the blending and 
kiln departments. A major part of the paper is devoted to the develop¬ 
ment of the process model through analysis and plant tests of the kiln 
and the application of the digital computer to its control. 

Sommaire 

Une usine de ciments Portland se compose d’une section-carriere, d’un 
atelier pour le melange, le dosage et le broyage des mati^res premieres, 
d’un atelier de calcination en fours et de broyage des scories et d’ate- 
liers d’emballage et d*exp6dition, k travers lesquels les mati^res trait6es 
circulent successivement. La calculatrice tient un inventaire perp^tuel 
de la Carri^re (modHe tridimensionnel), de sorte qu’elle permet de 
diriger les op6rations de forage et de tir pour rdaliserles objectifs de 
Tusine et de la compagnie. La calculatrice determine les proportions 
justes des diverses mati^res premieres en utilisant les donn6es obtenues 
par une analyse chimico-radiographique du melange sur «chaine de 
production)), fermant ainsi la boqcle. Les fours sont commandos 
automatiquement en employant un module du proc6d6 chimico-ther- 
modynamique d^termin6 analytiquement. Le module et les regies com- 
pliqu6es de commande pendant la mise en route des fours, en marche 
normale et pour la correction des derangements eventuels sont em- 
magasines et mis en oeuvre par la calculatrice. En outre, cette machine 
calcule et enregistre le rendement de marche, scrute et enregistre les 
alarmes d’ahomalies et tient les dossiers des temps d’arr^t dans chacun 
des ateliers. Elle prepare et dactylographie des rapports d’exploitation 
pour la Direction, sur la «chaine de production)), sous la forme 
d’enregistrements horaires. 

La plupart des operations de commande par calculatrice en boucle 
fermee s’effectue dans les ateliers.de dosage et de calcination en fours. 
Une grande partie du present memoire est consacree au developpement 
du modeie de ce precede au moyen d’essais analytiques et d’epreuves 
sur fours k Tusine, ainsi qu*4 rapplicatioh de la calculatrice arith- 
metique k la commande de ces demiers. 

Zusammenfassung 

Der Fertigungsablauf einer Portlandzementfabrik beginnt beim Stein- 
bruch und fUhrt uber Brechef, Mischen und Mahlen, Brennen, 
Mahlen des Sinterproduktes, Abpacken und Versand. Bin Rechner 


sorgt fur dauernde Bestandsaufnahme des Steinbruches (dreidimen- 
sionales Modell), um die Border- und Sprengarbeiten im Sinne der 
Werks- und Geschaftszielsetzungen lenken zu kbnnen. Er berechnet 
die richtigen Anteile der verschiedenen Rohstoffe auf Grund der MeB- 
ergebnisse eines direkt in den Regelkreis eingeschalteten ProzeB- 
analysators (Rdntgenanalyse der Mischung). Zur Regelung der Brenn- 
5fen wird ein analytisches Modell des chemisch-thermodynamischen 
Prozesses verwendet. Das Modell und die komplizierten Steuerbefehle 
fur das Anfahren des Ofens, seinen Normalbetrieb und den Eingriff 
bei betriebsmtlBigen Stdrungen sind im Rechner gespeichert und 
werden von ihm durchgefiihrt. Die Wirtschaftlichkeit des Ablaufes, 
die Oberschreitung von Grenzwerten und die Stillstandszeit jeder 
Abteilung werden erfaBt und autgeschrieten. Zwischenberichte fur die 
Betriebsleitung werden stundlich aufgestellt. 

Das Regelrechengerat ist vor allem beim Mischen und Brennen 
eingesetzt. Der Beitrag befaBt sich hauptsachlich mit der Entwicklung 
des Modelles durch Untersuchung und Betriebsversuche am Ofen 
und mit der Anwendung des Digitalrechners fiir dessen Regelung. 


Introduction 

A Portland cement plant provides an unusual application of an 
on-line digital control computer for several reasons, for ex¬ 
ample: (1) Since there is a single product manufactured in the 
plant, it is logical to handle the total operation in a coordinated 
fashion by a single computer. (2) Since very few plants have 
sufficient need for either an off-line business or scientific com¬ 
puter, some of the tasks which are philosophically thought to be 
off-line types are included in the on-line machine. (3) The long 
process times (several minutes to hours) associated with the 
process permit a large excess of computer time for operation of 
typewriters to alarm plant operators and to prepare manage¬ 
ment reports on-line. 

A very important function is the faithful recording of plant 
data as it occurs to give management an uncoloured picture of 
actual operating conditions. How often have we seen operator’s 
logs with data and comments chosen by plant-operating rules 
rather than what actually exists? 

It would be pointless to describe the automation of a Port¬ 
land cement plant without having a particular plant in mind. 
The particular installation was made in 1962-63 and the feasi¬ 
bility, testing and design of the computer programme are now 
complete and the following is a discussion of that pro¬ 
gramme. 

Although this paper describes the way in which a digital 
control computer is applied in a Portland cement plant, the 
author feels that technically inclined control engineers wfU be 
primarily interested in the large part that the analytical approach 
plays in making an application sucx:essful. 
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There is a great emphasis upon approaching process control 
by the use of data loggers. Theoretically, it is possible to dis¬ 
cover the dynmics of a process if all variables can be measured, 
but where this cannot be accomplished or the process is ex¬ 
tremely noisy (a rotary cement kiln qualifies on both counts), 
the analytical approach is much more promising. All processes 
follow the laws of Nature; discovering those laws is the job of 
an analytical engineer. 

The rotary kiln is very complicated to analyse; therefore the 
analysis is described here in detail. The problem of raw mix 
blending is also of great interest, but since it has already been 
described adequately by Ad^s et aL\ it is mentioned only 
briefly here so that the description of the computer application 
will be complete. 

The functions to be performed by the computer will be de¬ 
scribed by proceeding through the plant departments in the 
order of material flow, quarry, crusher, mix rock, raw mix, 
raw grind, kiln, and finish grinding. Figure 1 shows the material 
flow in a typical dry process plant. 

Quarry Department 

The quarry is divided into cubes and each cube is numbered. 
Information as to volume, chemical analysis, location in the 
quarry and date of analysis are stored on cards. The chemical 
analysis for areas which have not yet been mined is projected 
from core drillings. As an area is mined, a more representative 
sample is obtained and analysed and a new card containing this 
information is prepared. 

Since it is not physically possible to develop all areas of the 
quariy at all times, only a portion of the inventory need be 
stored in the computer. The computer is periodically inter¬ 
rogated to find out how to direct the digging and blasting 
operations to meet plant and company objectives with regard 
to production, cost, and quarry life extension. 


Crusher Department 

Kilowatt hours and tons of production are metered and 
read by the computer. Kilowatt hours per ton are calculated 
and logged hourly as a measure of department efficiency. 

Bearing temperatures in the crusher and impactors are moni¬ 
tored continuously; excessive temperatures actuate visual and 
audible displays. The computer monitors the displays and types 
out location, cause, and time of the alarm, and in addition it 
records downtime; thus, management has a faithful record of 
bearing problems. 

Mix Rock 

The quarry consists of deposits of rock high in calcium 
carbonate (hi-lime), rock high in magnesium carbonate (hi-mag), 
and rock high in alumina (shale). Portland cement specifications 
permit only a small proportion of magnesium. It is more eco¬ 
nomical to make cement from quarry rock than to throw the 
rock away, therefore, in many plants it is found that the mag¬ 
nesium proportion must be at or near the maximum permitted 
in order to utilize all of the quarry material. 

Since the product of the quarry is not uniform in chemical 
composition, there is a preliminary blending to form ‘mix rock*. 
A laboratory X-ray spectograph is used to analyse periodic grab 
samples. The chemist enters the analysis results into the com¬ 
puter and it cdculates the proper proportions of hi-lime, hi-mag, 
and shale. This preliminary ‘smoothing’ of the quarry variations 
has a great influence upon how close to target the raw mix 
blending can be held. 

Raw Mix Blend 

Raw mix blending is performed by proportioning mix rock, 
hi-lime, hi-mag, shale, iron ore, and silica, grinding the com¬ 
posite, and then homogenizing the result in a silo of many hours 
capacity. Since chemical analysis (either by traditional wet 
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chemistry methods or by X-rays) miist be performed upon finely 
ground samples, it is not practical to measure the composition 
of the constituents passing through the proportioning feeders. 
Thus, the composite must be analysed after it has been through 
the grinding. This is done by passing a portion of the stream 
through an on-line X-ray analyser. Such analysers are now 
operating successfully in three cement plants, including that 
under discussion. The chemical composition and rate of flow 
from each feeder is read by the computer periodically. The 
computer then must predict what the ultimate composition in 
the silo will be (taking dynamics of mixing into account) and 
adjust the proportioning feeders (taking dynamics of grinding, 
sampling, and transport into account) to keep the ultimate 
composition close to target. Portland cement specifications cover 
more compounds than there are different materials in the pro¬ 
portioning feeders; thus in some cases there may be no possi¬ 
bility of making the mix called for by the chemist. The computer 
recognizes this when it calculates negative setting for one or 
more of the proportioning feeders; types out this fact, and the 
chemist must select new set points. The computer then cal¬ 
culates new feeder settings and adjusts their set points. 

Raw Grind Department 

The computer performs the same type of logging and alarm 
function as it does for the Crusher Department. 

Kiln Department 

A large portion of the computer capacity is allocated to this 
department since there are many functions to be performed. 
Since virtually all of this capacity is devoted to closed-loop 
control, at least indirectly, it will be described in considerable 
detail. 

Analytical Determination of Process Model 

The idea of applying the theoretical or analytical approach 
to a rotary cement kiln is not new. The early authors^ were 
interested in obtaining heat balances. Papers by Costa® and 
Schink’ at the First IFAC Conference dealt with kiln control, 
but were not analytical in content. Min et al? described an 
analytical approach to kiln dynamics, but the equations re¬ 
flected the fact that the purpose of their work was the study of 
effectiveness of drying agents in the slurry, not control. It is 
believed that this is the first time a study of kiln dynamics 
directed toward obtaining a kiln model for control has been 
reported. 

Several years ago work was initiated by the author to develop 
the dynamic equations to describe the chemical and thermo¬ 
dynamic process which takes place in the rotary cement kiln. 
The most important of the chemical reactions are combustion 
of the fuel, the endothermic reactions of driving water vapour 
from the mix and the dissociation of calcium carbonate into 
carbon dioxide and calcium oxide and exothermic reaction of 
the formation of cement clinker. Figure 2 shows these reactions 
in a kiln. ^ 

Heat is transferred to the mix by radiation and convection 
from the gas to the load directly, and by radiation and con¬ 
vection to the refractory lining, and from it to the mix by 
radiation and conduction. Throughout the whole kiln length the 
radiation from the gas stream is by gas radiation (interatomic 
vibration of the heteropolar molecules). The amount of radiation 
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Figure <2. Chemical reaction in rotary cement kiln 


depends upon the gas temperature and upon its chemical state. 
The composition of the gas stream, in turn, depends upon the 
products of combustion and the amounts of water vapour and 
carbon dioxide released upstream from the particular cross 
section of the kiln. The early writings of Professor Hottel of 
Massachusetts Institute of Technology (such as in Industrial 
and Engineering Chemistry^ August 1927) are classics in the 
field of gas radiation. 

The author knows of no writings describing a flame from 
the dynamic point of view. Therefore, a description of the re¬ 
presentation used is of some interest. A natural gas flame is 
only slightly luminous. Spectral analysis indicates that this is 
largely line radiation created by elements from the solid feed 
which are volatilized. The strongest lines are those of potassium, 
calcium, and sodium. To be an important mechanism for heat 
transfer the radiation spectrum must be substantially con¬ 
tinuous. Thus, for natural gas flames, only the gas radiation 
has been included. It is assumed that the kilocalories released 
by combustion are proportional to unit flame length. Heat 
transfer in the longitudinal direction was neglected. 

Where fuel is oil or coal, there is continuous radiation from 
the luminous flame. The amount of this radiation depends upon 
the size of the unbumed coal particle or oil droplet at a particular 
cross section. Hottel has treated the coal particles as a large 
number of equivalent spheres, the diameter of which depends 
upon the fineness to which the coal is ground. As these par¬ 
ticles are burned in moving up the kiln, the amount of ‘black 
body* radiation decreases. The equations developed by Hottel 
were used for calculation of amounts of radiation as a function 
of combustion. Coal contains volatiles which burn rapidly. The 
number of kilocalories associated with their combustion were 
assumed to be released in the first 10 per cent of the flame. The 
remaining calories were assumed to be released proportional to 
unit flame length. It was assumed that all the coal particles are 
at the same temperature, i.e. flame temperature. This tempera¬ 
ture is determined from the gas temperature at the end of the 
flame—a common assumption. A similar approach can be de¬ 
veloped for oil flames; however, the author has not been con¬ 
cerned with kilns where oil is a principal fuel. 

The equations which describe the kiln behaviour are non¬ 
linear partial differential equations. In order to solve these 
equations the kiln was broken into 50 short sections or nodes 
and difference equations were written for each section. These 
can be shown to be identical to the approach of writing the 
partial differential equations in time and space and then ap¬ 
plying standard n,umerical techniques to their solution. It may 
be of interest to consider the nature of these difference equations 
for a particular section of the kiln. For the sake of simplicity in 
illustration, consider a section where the solid material has 
already been dried and has not yet started to dissociate into 
carbon dioxide and calcium oxide. At this cross section the com¬ 
bustion of the fuel may be considered to be complete. 
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Figure 3 shows a smaU loigth, /, of the kiln (one-fiftieth of 
the total kiln length). For ease of notation, assume this is be¬ 
tween nodes (or cross sections) 3 and 4 . 
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Figure 3. Heat balances across small kiln section 


The heat flow per minute associated with the material flow 
leaving at 4 will be: 

^pm4 ^m4 '^m4 








“"'‘dtV 2- ) 


( 1 ) 


where Cp„t 4 = specific heats of material (kcal/kg-®Q; 

^ipa “ specific heat of dissociated gas evaluated at the average 
material temperature (kcal/kg-"Q; fLoy^ rates 

of material (kg/min); = temperatures of material (°C); 

== heat added to material (radiation, convection, conduction) 
(kcal/min); = propagation time of material through 
section (min); and d/dt = differential with respect to time (min). 

The last term of eqn (1) is of some interest since it represents 
the time rate of change of the heat stored in the material lying 
between 3 and 4 as viewed from a stationary reference point. 
Perfect mixing of the material is assumed. The kiln is said to be 
in steady state when this and its corresponding term in each 
section is zero. 

The equations developed here do not include any terms to 
account for heat of reaction or vaporization. Where the reac¬ 
tions are endothermic it was assumed that the reactions are not 
isothermal but occur over a small temperature range. Since the 
heat of reaction (kcal/kg) is known, a pseudo specific heat may 
be calculated for the range of temperature assumed for the 
chemical reaction. This is equivalent to assuming that the rate 
of reaction is proportional to the rate of heat input. Thus eqn (1) 
may be used directly. It is assumed that the exothermic reaction 
of clinkering occurs in one kiln cross section (although it may 
move across section boundaries during a transient). The amount 
of heat released was included as an added term in this cross 
section. 

Similarly, the heat flow per minute associated with the gas 
flow leaving at 3 will be: 

2 - ) 


where Cp^s, = specific heats of gas stream (kcal/kg - °C); 

^g 4 : ~ flow rates of gas stream (kg/min); r ^4 = tem¬ 
peratures of gas stream CQ; dg = heat given up by stream 
(radiation, convection) (kcal/min); and 1:^43 = propagation 
time of gas stream through section (min). 

The gas velocity is so much greater than the material vdocity 
(the order of 200 to 1). Thus t ^43 is much shorter than and 
the last term of eqn ( 2 ) may be neglected. 

It should be noted in passing that, in general, specific heats 
^d weights depend upon the physical and chemical states. For 
instance, the quantity of carbon dioxide in the gas stream 
depends upon the amount of fuel burned and the amount of 
material calcined upstream from it. The quantity of COg in turn 
influences the quantity of gas and its specific heat. 

The quantities and ^g have not been defined as yet. They 
are the heat flows in the radial direction. Consider a cross 
section of unit length at 3 (Figure 4). 

In this figure there are some additional quantities. 

B = emissivity of surface; = length of lining arc exposed to 
gases; In = length of lining arc in contact with solid material; 
4 — length of material chord; and Ty^ = average lining surface 
temperature taken over total circle. 

It should be pointed out that there is a substantial variation 
of the surface temperature of a spot on the lining (or coating) 
per kiln revolution. Heat is added to a spot on the lining when 
it is in the gas stream and removed when it passes under the 
solid material. This establishes a cyclic variation in temperature 
of the surface of the spot. This problem was solved analytically 


rotation 



for the average temperature of the spot when exposed to the gas 
stream and the average temperature when exposed to the solid 
material. The resultant expressions are 


235 jC (3m 
(<t>WCN)* hu 


( 3 ) 


235 jg 

(<I>WCN)* hi 


( 4 ) 


where Tiu = average lining surface temperature taken over part 
of arc exposed to gases, Tu = average lining surface temperature 
taken over part of arc exposed to solid material, ^ = specific 
heat of surface (brick or coating) (kcal/kg - “Q, W = specific 
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weight of surface (kg/m^), C = thermal conductivity of surface 
(kg-m/m2-h-®C), and iT = a constant. 

Radial heat transfer in units of kcal/min-m may be viewed 
in tabular form. 

A 3 . Heat transferred, gas to lining 

1. Gas radiation 

71„3, Gas chemistrya) 

2. Convection 

hu 

B 3 . Heat transferred, gas to solid material 

1. Gas radiation 

^w 35 Gas chemistrya) s,Jc 

2 . Convection 

Hc(T,3-r„3)/. 

C3. Heat transferred, lining to solid material 

1 . Black (or grey) body radiation, lining to chord 


[(T,„3 +273)‘^-(T„3+273)-^] 

2. Black (or grey) body radiation, lining to lower arc 

[(T„3+273)''-(I;3+273)'^] Cs,8„/„ 

3. Conduction 

^ [^«3 ^113] hi 

Dg. Kiln loss 

fO]u3 ^ 113 ) 

where Ho = convection constant (depends upon temperature 
and velocity) (kcal/min~m °Q, K = conversion constant 
(kcal/min-m °C), and C = conversion constant Occal/min-m 
(°C)"]. 

The amount of heat leaving the gas stream (A 3 4- B 3 ) must 
equal the amount of heat received by the load (B 3 + C 3 ) plus 
any heat lost through the shell (Dg). That is 


(^3+B3) = (S3 + C3) + P3 (5) 

For the short kiln sections being considered it is reasonable 
to assume that the heat given by the gas stream in the section, 
may be computed using the average of the values per unit 
length at nodes 3 and 4. Thus 


Similarly, 


^ [(^+B3) + (^4 + 54)]/ 

Ug- 2 

(6) 

^ m+c3)HB^+cj]i 

Um- 2 

(7) 


It should be clear that the equations for one section (space 
between nodes) are completely defined. In addition, the condi¬ 
tions at the end of one section are the beginning of conditions 
of the next section. 

The clinker leaving the kiln drops on to a moving grate. Air 
is blown up through the bed to provide for rapid quenching of 
the clinker. Fuel combustion can utilize about one half of the 
total cooling air. The cooler is really a combination heat 


recuperator and quencher. From a control standpoint it is a 
distributed parameter, positive feedback; this is treated in the 
analysis as an intimate part of the kiln system. 

A set of equations describing the complete kiln system are 
implicit. Special methods were developed to produce a set for 
a much lesser number of nodes which give a good approxima¬ 
tion to the solution obtained with 51 nodes. These methods 
involved solution of high order matrices on a large-scale digital 
computer. The resulting equations and the cooler equations 
were then set up on an electronic analogue computer. The 
result was a dynamic model of a cement kiln. 

Using a finite difference approach to the development of 
the kiln equations may obscure the fact that the heat is added 
to the solid material because of its motion through the kUn. 
It can be shown that in the limit of infinitesimal sections, the 
equations are those of the transport phenomena. 

The way in which material moves through the kiln then 
becomes extremely important. It is usually assumed that 
material is transported by moving up the side of a cross section 
with kiln rotation and then cascading down. Since the kiln is 
inclined downward in the direction of material flow, the material 
moves forward as it cascades. If it is assumed that this is the mode 
of material transport throughout the kiln length, a step change 
in kiln speed with the feeder synchronized to it will produce an 
immediate rate of change in material temperature at each point 
in the kiln. The rate measured at a point will persist until one 
transport time has elapsed, then the temperature will be constant 
again. If, however, it is assumed that the material is liquid 
(fluid), there is no cascading but just a downhill flow. Under 
these conditions, following a change in kiln speed with syn¬ 
chronized feeder, there will be a pure transport delay equal to 
the time it takes the new input feed rate to reach the measuring 
point. 

Actually both kinds of transport exist in the kiln. As the 
chemical reactions tak 9 place, there are changes of physical 
state from solid to fluid and back to solid. Considerable field 
testing and data analysis was required to accoimt properly for 
material flow. It should be noted in passing that the transport 
phenomena are seen in all material temperature changes resulting 
from change in control variables; this includes the relations 
between material temperature and heat input. Even though 
there are different mechanisms of material transport in various 
sections of the kiln, the temperature changes introduced by step 
changes in controlled variables have a characteristic shape of a 
time delay followed by a surprisingly linear rate of rise and then 
an abrupt levelling off. A transfer function of the following form 
can be used as a very good approximation: 


ST 2 

i 

With this model all sensing points in the process were 
available. Various upsets were introduced to observe their effect 
upon the temperatures at the various sensing points, and it was 
seen that some of the sensing points which are included in most 
kiln instrumentation systems do not give information from 
which dynamic control action may be reliably initiated. Under 
certain upsets the control action would be opposite to that 
actually required. In other cases the magnitude of temperature 
change was not sufficient to be practical for error sensing. 

It became apparent quickly that a means of sensing ihix 
temperature in the burning (or clinkering) zone was required. 
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This is the zone that the operator (or a television camera) sees 
when he looks into a kiln* Total radiation pyrometers do not 
provide reliable sensing because of the interference of the dusty 
atmosphere of the burning zone. A development programme 
was initiated to produce a colour ratio pyrometer for this 
specific application. A colour ratio pyrometer compares the 
radiation of a body at two narrow bands of the spectrum. If the 
interfering dust acts as a neutral filter in these bands, the ratio 
is a known function of temperature. Pyrometer filters were 
selected which permitted operation in regions of the spectrum 
where cement dust is neutral. Many such pyrometers are now 
in operation. 

Certain control ideas resulted from the early analytical 
investigation. With the co-operation of certain cement manufac¬ 
turers and with the availability of a prototype colour ratio 
pyrometer a testing programme was initiated. The objective 
was to verify the kiln model, adjust its constants where necessary, 
and sharpen the control concepts resulting from the analytical 
work. 

The ultimate objective of any kiln control system is to keep 
the point (or zone) of clinkering at a selected position in the kiln. 
It was found that there is a direct correlation between temperature 
variation and movement of this point. When this point moves, 
it is an indication that there is a change in the heat balance of 
the jprocess. The balance can be restored by adjusting the heat 
input or material flow. The heat input can be changed by either 
the fuel flow or combustion air flow or the two in combination. 
The material flow can be adjusted either by adjusting kiln 
rotational speed or raw mix feed per revolution of the kiln. 
After each of these changes there is some interval where no 
appreciable change occurs in the burning zone (dead time). Then 
there is a smooth transition to another operating level. Tem¬ 
perature changes resulting from changes in heat input inherently 
have shorter delays than those resulting from material flow 
changes. The magnitude of heat input changes which can be 
tolerated for operating or economic reasons are quite limited, 
however. Therefore, small upsets may be compensated with 
heat input adjustments; large upsets must be compensated with 
material flow adjustments. 

System of Kiln Control 

Figure 5 is a block diagram of the kiln control. It is intended 
only to show the flow of information. The block labelled ‘control 
logic* is the heart of the system. The kinds of things required by 
it are described below. 

The primary sensing point for control of the clinkering 
process is the temperature in the burning zone. Other sensing 
points and prediction computations are used to modify the 
control action. As mentioned previously, there are several input 
quantities which will influence the burning zone temperature. 
The computer must select the input or inputs most appropriate 
for the conditions existing. These conditions are production 
level, amount of correction required (determined from ihagnitude 
of temperature error), .urgency of action necessary (determined 
from rate of change of temperature error or high or low tem¬ 
perature limits), ^d the alternate action to be taken when the 
selected input variable would exceed an operating limit. The 
quantities adjusted by the computer are fuel flow, air flow, 
rotational speed, and raw feed to kiln. 

^ A model of the process is stored in the computer. As each 
control action of each input is taken, it is fed into the model. 


It should be noted that the measured temperature results from 
process variations and from the results of controlled input 
changes. The model produces a temperature which is the result 
of controlled input changes only. Assuming a reasonably good 
process model, the difference between actual temperature and 
temperature predicted by the model is a direct measure of 
process variation. 

Process variations are considered to be any changes resulting 
from either upsets or input variations over which there is no 
direct control or control is not exact. For instance, control of 
feed to a dry process kiln is by screw conveyor from a constant 
head feeder. It is inevitable ^at there will be some variation 
in weight rate of flow. Since its presence cannot be measured 
directly, it will appear to the temperature sensors in the same 
way as do variations due to chemistry or non-uniform material 
flow in the kiln. 

At each point in time the burning zone temperature of the 
model is compared to the measured temperature. The computer 
then decides if the current temperature is due to a process upset 
or the result of past control actions. In the case of rapidly rising 
or falling burning zone temperatures the computer takes action 
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based on actual temperature. In the case of more normal con¬ 
ditions, it operates from its estimate of the magnitude of process 
variation. Such a control philosophy is good from a process 
point of view, but it is also a very stable kind of control because 
it does not try to regulate the changes it introduced. It is possible 
to introduce non-linear control actions during emergency con¬ 
ditions without producing the later cycling (limit cycle type of 
operation) which a control without process model often produces. 

Tests thus far have indicated some variation in the para¬ 
meters which the model simulates. The control equations were 
chosen to permit stable control action over the range of para¬ 
meter variation. Analysis shows that there are theoretical 
reasons for these variations. Data takdn during control with 
the present control equations will be analysed. It is expected 
that the process model will be improved with the resulting 
benefit of tighter control; this is made possible by the flexibility 
of an on-line digital computer. There is no need for an initial 
data logging phase of a couple of years; enough is known of the 
process to permit its immediate control. Ultimately a cost 
equation will be included in the control logic. 
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Information obtained from other sensing points is used to 
modify the control action, an example being the advance pre¬ 
paration of the burning zone temperature to accept material 
surges. 

Sensor Checking 

Any automation system depends upon certain key sensors 
for its successful operation. Although reasonableness checks are 
applied by the computer to several sensors, only one will be 
described because it is of primary interest. 

Since successful control action depends upon correct measure¬ 
ment of burning zone temperature (burners in the past have 
measured this visually), two sensors are provided. The computer 
uses a logic and computation structure to determine which 
sensor it can rely upon for control. It utilizes knowledge of 
process characteristics and of characteristic signs of sensor 
failure in reaching this decision. When it discovers a bad sensor, 
it types this information on the alarm typewriter and controls 
from the other sensor. When it finds both sensors bad, it alarms 
the operator telling him how long he has in which to take over 
manual control. It then takes the most appropriate interim 
control action. 

Output Checking 

The computer must check actual position of each output 
set point it uses for control to see that it is actually being set 
correctly. If it is not satisfied, it types the correct setting to the 
operator. If the operator sets it correctly, the computer is satis¬ 
fied and continues in the automatic mode. When the computer 
is not satisfied it alarms the operator, telling him how long he 
has in which to take over manual control. It then.takes the 
most appropriate interim control action. 

Automatic Start-up 

Periodically a kiln must be shut down for maintenance such 
as replacing refractory lining. There is a programme to provide 
the function of slowly building production to normal levels over 
many hours. At a preselected production level, total automatic 
control is superimposed by the computer. 

Automatic Control Initialization 

During periods of manual control by the operator, set points 
are read by the computer and fed into the process model. When 
the operator selects the automatic mode, the computer goes 
through an automatic control initialization programme wherein 
it predicts the most probable future kiln conditions and makes 
the most appropriate initial set point settings. On the next scan 
it proceeds with the normal automatic control programme. 

Production Logging 

Production rate, kilowatt hours, and fuel flow are period¬ 
ically scanned by the computer. Kilowatt hours per barrel, and 
B.Th.U, per barrel are calculated and logged as dlso are barrels 
and down time. 


Summary of Kiln Control 

It is intended that the computer control the kilns during 
both normal operation and during upsets. In this way the proper 
kiln operation is dictated by process engineers and followed 
exactly. If the operators know more about kiln operation than 
the process engineers, automation must wait for some changes 
in the latter department. The computer has rules to follow under 
all circumstances. The only time it calls for operator help is when 
it does not have reliable sensors or finds it cannot set analogue 
controller set points. The operator can intervene at any time. 
The process engineers have complete records in form of record¬ 
ing charts and computer prepared logs from which to decide 
if intervention was warranted. If intervention was warranted, 
changes in the computer programme may be desirable. 

It is felt that the kiln burning is too much of an ‘art’. It is a 
fact that with operator control the kiln production and efficiency 
per shift depends upon which operator is controlling. This in 
itself is evidence that burning is an art. Management cannot 
afford to take this reduced production when it can use a ‘super¬ 
operator’, a process control computer, which exercises con¬ 
sistent judgment. 

Finish Grinding 

Total production and production and efficiency figures for 
each finish mill are logged. 

The author and his associates are indebted to the scores of 
cement industry operating personnel^ process engineers^ and 
executives for their helpful comments and encouragement as this 
system was explained to them. Many of the ideas are a composite 
of their suggestions. The author is particularly indebted to the 
management of the California Portland Cement Company for 
their faith in the ultimate success of this undertaking, and to 
R. G. Patterson, J. R. Romig, and L H. Herz for their very 
substantial theoretical contributions, the practical experience 
they brought to this effort, and their interest and diligence in 
developing and proving a practical system. 
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DISCUSSION 


Author’s Opening Remarks 

The Colton, CaUfornia plant of the California Portland Cement Com¬ 
pany has been almost entirely rebuilt on the old plant location. The 
two dry process kilns are 3-9 m in diameter and 144 m in length with 
a rated capacity of 850 metric tons/day each. 

In December 1962, the computer was installed. For the next two 
months, the communication links with the sensors and process con-. 
troUers were tested. The scanning and controller setpoint actuation 
programmes were debugged at this time. 

During mid-February, the raw material preparation was started. 
The start-up and subsequent operation of the raw mix and blending 
systems were under computer control. By the first week of March, 
si^cieht inventory had been accumulated to start the first of the two 
kilns. It should be emphasized that neither kiln has ever been operated 
before, yet the first start-up was under full closed-loop control by the 
computer. Soon the second kiln was started. 

The next few months were required to correct malfunctions. 
These were in the computer programme, in the computer peripheral 
equipment and in the drive equipment. The diflBculties were both 
mechanical and electrical. A number of computer programme errors 
and in some cases, flow chart errors, were discovered. A few of these 
• required that die computer be off-line for correction; others were 
corrected on-line during the free time in the scanning cycle. System 
constants obtained analytically were adjusted to correspond to the 
measured kiln constants. 

It can now be reported that the control and logging functions are 
operational and that the computer is operating full time as are the 
temperature and chemical sensors. The automation system installation 
is complete and the California Portland Cement personnel have taken 
over operation and maintenance. After a few months of full-time 
operation to assess the automation system, extension of computer 
control into additional work areas is anticipated. This will be a joint 
endeavour by vendor and user. 

Although the judgment is somewhat subjective, it is felt that the 
plant start-up by digital computer has considerably reduced the time 
to reach full plant production. This leads one to the conclusion that the 
computer will produce additional savings if installed immediately in a 
new plant rather than being added later on. It is also important to 
note that computer debugging may be done during the inevitable 
shutdown for mechanical and electrical changes which occur during 
a plant start-up. 

L. Jequier and M. CuiNOD, Sociitd Ginirale pour VIndustrie, Geneva, 

Switzerland 

(1) The installation described in this paper seems to have been in 
use for some months. Could the author give some indication on the 
practical results obtained and if they can economically justify the cost 
of a complete automation of this cement plant? Is there some reduction 
in the cost of production of the cement (reduction of labour, fuel or 
maintenance)? Could the mean production be augmented through a 
smoother working? Has the formation of rings in the kiln been reduced 
or avoided? 

(2) What is the cost of the installation and what are the difficulties 
likely to be encountered for its introduction in an existing work or in 
the projection for a new plant ? Who is able to install and to start such 
complete automation in Europe? 

(3) The cost of the complete automation would be about the same 
for a big or a small cement works. What is the minimum output that 
can justify economically this cost in the United States and in Europe 
where the labour is cheaper and the fuel more expensive ? 

(4) To familiarize the staff of an existing cement works with the 
difficulties of a complete automation, would it not be wise to realize 
it step by step and what would these steps be? 


(5) In a completely automated cement works what staff is necessary 
for the supervision and maintenance of the instruments and installa¬ 
tions? 

R. A. Phillips, in reply 

The questions of Messieurs Jequier and Cu6nod deal with economic 
justification. Obviously, before any equipment is purchased, its eco¬ 
nomic value must be ascertained. In the case of automation equipment, 
such as the computer, the General Electric Company and the user 
collaborate in assessing the economic benefits. These are divided into: 
(1) tangible benefits such as savings in fuel, reduction of maintenance, 
fewer repairs to the refractory, and increase in production using the 
same equipment; (2) intangible benefits such as better quality, im¬ 
proved customer service, and better internal flow of information. In 
our economic evaluation with the user, we use only tangible benefits. 

Question 1 deals with economic justification of automation for this 
plant. Since it is a new plant which was never operated without a 
computer, and never will be, there is no absolute base point. It is 
known that the chemistry is more uniform than in the old plant even 
though the same quarry is utilized. This has permitted smoother kiln 
operation and produces a high quality product. There was a net 
reduction of labour, but some specialized categories related to the 
automation equipment have shown an increase. The kilns are operating 
at 120 per cent of rating. It is believed fair to attribute a significant 
proportion of the increase to the computer itself and also that a 
minimum of 3 per cent in increase in fuel efficiency will be demonstrat¬ 
ed in subsequent months. The problem of rings is much reduced over 
those associated with the small kilns in the old plant. Better monitoring 
of mechanical equipment will, no doubt, result in fewer breakdowns 
increasing availability and decreasing maintenance costs. 

Question 2 may be answered as follows: While complete automa¬ 
tion is recommended for new plants and some old plants, economic 
studies of many existing plants with adequate instrumentation indicate 
an approach where only sensors are read by the computer and the loops 
are closed through human operators. This avoids the construction of 
a central control room with new electronic instrumentation and as¬ 
sociated wiring. Typewriters or other visual displays are located at 
each of the departmental operator’s panels. The computer performs 
all of the internal operations described in the paper, but the operators 
move the setpoints manually. We call this ‘Operations Guide*. Inter¬ 
national General Electric S. A. Geneva is prepared to install full au¬ 
tomation and ‘Operations Guide’ equipment in Europe. 

In answer to Question 3, a quotation was made for an existing 
plant in Europe of 750,000 metric tons/year capacity. The ‘Operations 
Guide’ approach was priced at about $ 600,000 for programming and 
^uipment including chemical analysis equipment. Savings, principally 
in fuel cost, indicated a two-and-a-half year payout. Messieurs Jequier 
and Cu6nod are quite right that the size of the plant has a relatively 
small effect upon computer cost. As the General Electric 312 computer 
operates on a time-shared basis, it can easily control as many as five 
kilns simultaneously as well as petfornung all of the other functions 
described in the paper. 

In answer to Question 4, the operator may take control away from 
the computer at any time. Experience has shown that after the first 
three months, he seldom does. Although it may be wise to implement 
the plant automation by phases, the analytical apjjroach to kiln control 
has done away with the lengthy data logging required for empirical 
model building. 

Answering Question 5, one man should be on call for computer 
maintenance. We strongly believe in preventive maintenance; this may 
be obtained from local sources. Most modem cement plants have 
already discovered that complete instrumentation is justified and al¬ 
ready have the staff. One man for each shift is customary for instru¬ 
ment maintenance. 
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B. Malinovsky, National Committee of LF.A.C., Kalanchevskaya 15y 
Moscow 

The questions to the author are: 

(1) What kind of computer is used in the system of control? 

(2) How do you convert data from the X-ray spectrograph and 
transmit it to the computer ? 

(3) Do you use statistical methods for studying the process ? If so, 
what methods are used and in what areas? 

(4) Is the control system closed loop or open loop? Do you have 
direct control of the control setting devices or are they set by manual 
links? 

(5) How frequently are the input values read ? What is the precision 
of measurements received ? 

(6) Has the programme any self-adaptive features built in? 

(7) Since the machine is used in a closed-loop control system, it 
would be very interesting to know details of reliability and computer 
availability. 

R. A. Philups, in reply 

(1) The computer is a General Electric 312 digital control computer. 
It is completely solid state with 40,000 words of magnetic drum 
memory. The add time is 192{Jisec and the analogue scan rate is 
20 points/sec. 

(2) The data from the X-ray is converted automatically. 

(3) Statistical methods have been used for process identification 
and will be employed for economic evaluation. 

(4) All of the control functions are closed loop. In the installation 
described, the computer has direct control of the process instruments; 
there is no human link. 

(5) Inputs for kiln control are read and process adjustments are 
made every 3 min. Conversion precision is 0*l-0*3 per cent. 

(6) No self-adaptive features are programmed into the computer. 

(7) Precise values for this computer are not yet known at this 
installation. This model computer has shown 99*6 per cent availability 
on a number of other continuous operations; this is based on a 168 h 
week. 

W. T. Lee, d. Elm Drive, Hatfield, Herts, England 

(1) In the first and second equations the term 

presumably refers to heat lost by the solid in gases evolved. Is this so? 
If so, should the term be multiplied by a factor Kn, where 

„ weight of gas/unit time 
" ~ unit weight of solid 

Kn is different for each small section. How is it calculated? 

(2) From the description in the paper, I assume that in Mr. Phil¬ 
lips’ work a Fuller cooler was used in the cement plant. What sort of 
control is exercised? Have any other types of cooler been controlled? 

(3) Many assumptions have to be made in developing the model, 
e.g. characteristics of solid flow in the kiln, and many heat transfer 
coefficients. There are also considerable measurement difficulties. This 
means that feedback updating of the model is very necessary. What 
is updated? Is updating performed on-line? 

(4) Mr. Phillips’ paper has dealt mainly with development of the 
model. How is the model used to optimize the operation, and what 
is the objective? 

(5) The control system is based upon comparison of certain process 
measurements with the values predicted by the model, taking measured 
disturbances into account. What measurements are used? Wliat proc¬ 
ess variables are adjusted as a result of the errors? How is this done? 
What sort of action does the computer take in emergencies (for ex¬ 
ample, slip of the load, sudden variation of burning zone temperature) ? 


R. A. Phillips, in reply 

(1) The equation is correct as it stands. A relationship between state 
of calcination and material temperature was developed from actual 
kiln data made available to us. 

(2) The Fuller coolers are presently controlled by proc^ instru¬ 
ments. The computer has provision for adjustment of setpoints of the 
cooler instruments. Computer control of the coolers will be added. 

(3) Mr. Lee is correct, there is considerable measurement difficulty. 
As a matter of fact, it was necessary to have the help of our Research 
Laboratory in developing process identification techniques for this 
process to improve the system constants; hovvever, the predetermined 
control strategy was good enough to permit kiln control from the first 
day. Mr. Lee conjectures that on-line updating is necessary; experience 
with an actual installation has not shown this to be so. 

(4) The paper deals with the development of a computer control 
system, the objective of which is to reduce the frequency and severity 
of upsets and to permit smooth operation at considerably higher 
production than under manual control. 

Thorough answers to Questions 4 and 5 would require considerable 
depth of treatment. We, of course, do this when discussing automation 
of specific plants with our customers. 

T. M. Stout, 8433 Fallbrook Ave., Canoga Park, California, USA. 

Our company has also had some experience in the control of blending 
and kilns in cement plants, and I would like to report briefly on the 
status of our installations and put some questions to Mr. Phillips. 

Our oldest and most publicized installation is at the Oro Grande 
plant of the Riverside Cement Company, about 120 miles from Los 
Angeles, California. Used originally for blending calculations, the 
computer system was extended to kiln control early in 1962, That year 
was a period of development of the control system for one kiln, start¬ 
ing with three computer outputs and ending with five. At the start of 
1963, control was extended to a second kiln adjacent to the first. 

Figure A provides a graphic indication of the performanw of the 
computer system. In this figure, which is a reproduction of strip charts 
of the kiln variables, time runs from right to left. The section on the 
right-hand side of the figure shows operation under ‘manual’ control, 
that is, conventional instrumentation under the supervision of a human 
operator. The oscillations are a result of regenerative feedback of 
thermal energy in the feed preheaters, the clinker coolers and the kiln 
itself. The left-hand portion shov^ operation with the computer direct¬ 
ly connected to three of the controller setpoints. The date of these 
recordings is March 13, 1962. 

An extensive evaluation of data for 1962 for the two kilns side by 
side, one under computer control and the other not (at that time), 
shows that the production rate of the kiln under control grows from 
0 to 12 per cent greater than the other kiln as the computer usage in¬ 
creases from 0 to 100 per cent of the available time. Fuel consumption 
decreased about 4 to 5 per cent. The variability in unreacted lime in 
the clinker was smaller under kiln control, about 25 per cent of the 
previous value. 

Our company is now actively engaged in installing computer systems 
for two wet-process cement plants in Japan. These systems will include 
blending and kiln control functions. 

In our experience, an important computer function is the deter¬ 
mination of coinpatible setpoints for the various local controllers, that 
is, values of the feed rate, fuel and dr rates, and o^er variables, which 
constitute a thermally balanced set of kiln conditions. One question 
for Mr. Phillips is therefore; Since your Figure 5 shows these valu^ 
as inputs from a source external to the kiln control system, how, in 
fact, are these values determined? 

. In connection with the X-ray analysers, would Mr. Phillips tell us 
which elements are measured? 
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Undergraf^ pressure, as measured by a pressure sensor under the clinker cooler grate. 



Cooler outlet temperature, as measured by a thermocouple located in the clinker cooler exhaust. 



Percent oxygen, as measured by an analyzer located at the kiln exhaust. 


Figure A 
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R. A. Phillips, in reply 

Dr. Stout is correct in stating that the Oro Grande installation is the 
oldest and most publicized installation. From the publicity, it is known 
that the computer was installed in the late summer of 1959 and that 
data logging of the kilns began in early 1960. He has supplied us with 
the other dates necessary to establish the timetable of accomplishing 
kiln control through process experimentation. In contrast to the two 
to three years required, full computer control of the kilns at California 
Portland was accomplished in six months on-site with a significant 
measure of control from day one. 

The replies to Dr. Stout’s specific points are: 

(1) Some of the operating conditions are selected by plant manage¬ 
ment; the remainder are set by the computer to maintain thermal 
equilibrium. 

(2) Both the laboratory X-ray and the on-line X-ray measure 
calcium, silicon, iron and aluminium. 

A. £. Beecher, St, Regis Paper Co., RFDHighland Mills, MF., 

U,S,A. 

Mr. Phillips’ comments would lead one to believe that the form of the 
automatic control system is final. Does Mr. Phillips feel there is no 
possibility of changing this control ? If he feels that the manner of 
control might change, does this not constitute a form of interim ‘data 
logging’ and essentially open-loop experience? How much improve¬ 
ment does Mr. Phillips feel may be available as a result of such ex¬ 
perience? I fail to understand how such a complex system can be so 
completely understood before it exists. 


R. A. Philups, in reply 

Mr. Beecher’s questions are perhaps best answered in the following 
manner. 

In a manually controlled plant, the kiln operator is faced with 
precisely the same problems as in the automation system, that is, to 
control a non-linear, multivariable control system characterized by 
transport delays. He makes cement every day, some days with more 
success than others. If a skilled group of engineers and scientists study 
the process theoretically and study the operator’s control methods 
thoughtfully, they can devise an automation system which will perform 


more reliably than the human operator with average results equal at 
least to the operator on his best day. This has already been demon¬ 
strated. 

There is no doubt that further changes will be made in the control. 
Without going into a lengthy description of the methods, it can be 
stated that data for control strategy improvement will be obtained 
during closed-loop control by the computer. Open-loop data logging 
does not show any payout on the plant operating records. 

G. M. E. Williams, Northampton College of Advanced Technology, 

St, John St,, London E,C, 1, England 

(1) At what stage in the whole project of cement plant and computer 
control did the computer control element come into contact with the 
plant designers? Was this the best time to be brought together or 
would there have been a more appropriate time? 

(2) Was the plant designed with the intention of being controlled 
in this way ? If not, can anything be said on the plant design modifi¬ 
cations needed which would be helpful? What are these modifications 
in general? 

(3) Were the plant personnel specially recruited for operating this 
plant? If so, had they experience of conventional cement plant opera¬ 
tion ? Is past experience a disadvantage? How was training of person¬ 
nel arranged? 

(4) Is there any intention to add a computer to determine fuel and 
material deliveries and dispatch of finished cement? 

R. A. Phillips, in reply 

(1) The automation system designers and the plant designers worked 
together from the beginning; the key people in the project were re¬ 
sponsible for both functions. 

(2) The major modification required is the decision by management 
that the manufacture of cement should and can be a science rather 
than an art. 

(3) All the plant design and automation design decisions for this 
plant were made by graduate engineers who know plant operation, 
including experience in kiln burning. Central control operators were 
selected within the company for their intelligence, alertness, and con¬ 
structive curiosity. They were then trained. 

(4) These functions are not included at this plant, but should be 
considered on an individual plant basis. 
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On the Stability and Design of Dither Adaptive Systems 

R.K. SMYTH and N.E. NAHI 


Summary 


The description is of a self-adapting, single parameter regulator system. 
As is shown, the amplitude of the system (dependent on the sinusoidal 
dither signal) is the criterion of self adjustment. 

Variation of the parameters of the layout is limited to definite re¬ 
gions. The diagrams for the self-adapting regulator system are twofold, 
one for the normal reaction circuit and the other for the self-adapting 
circuit. The stability of the adapting regulator system is plotted for 
large and small deviations from the point of rest. 

A numerical example is quoted to show that the alteration of the 
amplification value of a single circuit has an acceptable effect on the 
system. The described adaptable system was simulated in an analogue 
computer. The computer confirmed the findings of the analysis. 

Sommaire 


transfer function are sufficiently large that a fixed gain, fixed 
compensation control system does not give adequate stability 
and performance, then it is necessary to provide a self-adaptive 
controller which adjusts parameters in the control system to 
compensate for the changes in the plant transfer function. The 
general arrangement of the self-adaptive control system consid¬ 
ered is shown in Figure L 

The general design approach for this class of adaptive control 
system is considered elsewhere^”^. It has been suggested® that 
adaptive system design can be procedurized by partitioning the 
design into the consideration of the two loops—the regular 
control loop and the adaptive controller loop. 


Description d’un syst^me de commande auto-adaptative k un parametre. 
On montre que le crit^re de performance du syst^me auto-adaptatif 
est defini par la r6ponse d’amplitude du systtoe k un signal «dither» 

. sinusoidal. 

Les variations des parametres du dispositif sont restreintes dans des 
regions d6finies. Le projet de rdalisation du syst^me de commande 
auto-adaptative est prdsent6 en deux parties — la boucle de commande 
ordinaire et la boucle de commande auto-adaptative. L’dtude de la 
, stability du syst^me de commande auto-adaptative est presentee, tant 
pour une petite perturbation que pour une grande perturbation, autour 
d’un point au repos. 

On donne im exemple num^rique montrant qu’une performance 
acceptable du systtoe est obtenue en faisant varier le gain d’une seule 
boucle. Ledit systdme de commande auto-adaptative a6t6 simul6dans 
un calculateur analbgique. Le calculateur a confirm6 les rdsultats de 
Tanalyse. 

Zusammenfiassung 

Es wird ein selbstanpassungsfShiges Regelsystem mit einem Parameter 
beschrieben. Wiees sich zeigt, gilt die auf ein sinusfarmiges Zittersignal 
reagierende Schwingungsweite des Systems als das Kriterium der 
Selbstanpassung. 

Die Veranderung der Anlagenparameter sind auf bestimmte Zonen 
beschrankt. Der Entwurf des selbstanpassungsfShigen Regelsystems 
ist zweifach dargestellt — als der regulate und als der anpassungs- 
fahige Riickkoppelungskreis. Die Stabilitat des anpassungsfahigen 
Regelsystems wird fur kleine und groBe Abweichungen von einem 
Ruhepunkt dargestellt. 

Ein Zahlenbeispiel ist angefuhrt, um zu zeigen, daB dutch die Ver¬ 
anderung des Verstarkiingswertes eines einzelnen Kreises eine brauch- 
bare Wirkung im System zustande kommt. Das beschriebene an- 
passungsfahige System wurde auf einem Analogrechner nachgeahmt. 
Der Rechncr bestatigt die Ergebnisse der Analyse. 


Introduction 

In many applications it is necessary to design a control system 
for a plant which has time-varying parameters. These parameters 
cause chang^ in the gain and in the loication of the poles and 
zeros of the plant transfer function. If the changes in the plant 


A One Parameter Dither Adaptive System 
General Description 

The basic objective of the dither adaptive system considered 
in this section is to maintain- the closed-loop transfer function 
of the system essentially invariant, even though the plant transfer 
function is changing. This objective implies that the sensitivity 
of the closed-loop poles to plant parameter variations should 
be small. One technique for accomplishing this objective® is to 
use an inverse model of the desired closed-loop transfer function 
in the feedback of a high-guin control loop. 

For the system in Figure i, the closed-loop transfer function is 

l+iC,M,Gi(s)G2(s,&,)H(s) 

If the loop gain is made sufficiently great then the in- 
equalily 

KsMs Gx (s) G2 (5, 6 |) H (5) > 1 ( 2 ) 

can be made valid over the control firequency range. The para¬ 
meters Ks, Mg are considered slowly varying relative to the 
control dynamics in order that the transfer function (1) has 
meaning. 

For condition (2), the closed-loop transfer function is in¬ 
dependent of the plant variable parameters, bf 


£ 

R 



( 3 ) 


However, the validity of (3) depends upon maintaining the 
loop gain as high as possible, consistent with stability. The 
specific task of the single parameter dither adaptive system is 
to adjust the adaptive gain Kg to compensate for changes in the 
plant gain Mg, The adaptive controller must maintam the con¬ 
trol-loop gain KgMg constant such that eqn (3) is valid for the 
control system being considered. 

The adaptive controller measures the loop gain by inter¬ 
rogating the control loop with a fixed amplitude sinusoidal 
dither signal, I (s) m Figure L It may be shown that if the dither 
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Figure 1. Self-adaptive control system with single variable gain 


frequency twi is chosen large compared with the variable poles 
and zeros of the plant, then the closed-loop amplitude response 
to the dither signal is given by 

_ Mg-KgCi _ 

[C2 {MtELff + CiMsKi +C4]* 

where Q, C 2 , C 3 , C 4 are positive, real constants essentially 
independent of the plant parameters bi* The amplitude response 
is a monotonically increasing function of the loop gain for 
the stable region of the regular control loop. Therefore the loop 
gain can be measured indirectly by measuring the amplitude 
response to a sinusoidal dither input. For reasonable perturba¬ 
tions about an operating point, an approximate linear relation¬ 
ship exists between the amplitude response and the loop gain 
KsMs. 

The amplitude response to the dither frequency (4) is the 
self-adaptive performance criterion SAPC for the system. The 
adaptive controller maintains the self-adaptive performance 
criterion to a value corresponding to the desired loop gain of 
the regular control loop by adjusting the adaptive gain K^. 

The self-adaptive performance criterion is measured by pass¬ 
ing the output acceleration signal through a bandpass filter 
tuned to the dither frequency. The bandpass filter output is then 
passed through a full wave rectifier to determine amplitude. 

The output of the rectifier which is the measured self-adaptive 
performance criterion is compared with a fixed reference which 
is the desired value of the self-adaptive performance cfiterion 
corresponding to the desired loop gain The resulting 

phase sensitive adaptive error is applied to an integrating 
servo which adjusts the adaptive gain to reduce the error 
to zero. 


Limitations on Plant Parameter Variations 

It is important to consider the limitations on the S plane 
region over which the poles and zeros of the plant transfer 
function may migrate and still have proper operation of the 
one parameter dither-adaptive control system. The S plane 
may be divided into four regions as illustrated in Figure 2. 

I. Domain of migration of plant poles and zeros. 

II. Domain of migration allowed for dominant closed-loop 
poles. The centre of Region II is iSq, the nominal position of the 
dominant closed-loop pole. 

HI. All open-loop poles and zeros of the regular control loop 
are fixed in this region. Migration of open-loop poles or zeros 
in this region would cause variations in the closed-loop poles 
to exceed the allowable limits with the one parameter adaptive 
system. 

IV. Migrations of poles and zeros in this region affect only 
the loop gain and thus may be considered as a variation in the 
plant gain 

It may be seen that the restrictions on the migration of the 
plant poles and zeros allow for both stable and unstable plants. 

The S plane geometrical limitations are summarized: 

(1) The bandwidth of the migratory plant poles and zeros 
must be limited. 

(2) The closed-loop bandwidth of the regular control system 
must be greater than the bandwidth of the migratory plant poles 
and zeros. 

(3) The dither frequency must be large compared with the 
bandwidth of the migratory plant poles and zeros. 
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(4) High-frequency migratory poles and zeros are allowed 
provided their location is great compared with the dither fre¬ 
quency. In this case the effect of the migratory roots is the same 
as a change in the plant gain M^. 

Numerical Design Example 

The dither-adaptive technique is illustrated for a specific but 
meaningful example {Figure 5). The example is chosen to be of 
moderate complexity to demonstrate that the method works for 
a relatively high-order control system. The example is meaning¬ 
ful in that d 3 mamic elements, such as actuator and sensor 
dynamics, normally present in a practical control system, are 
included. 

The form of the plant transfer function was chosen to be 


representative of a wide class of controlled elements. The 
denominator consists of an integration plus a quadratic factor 
and the numerator includes a zero and a gain factor The 
range of variation of these parameters is tabulated in Figure 5. 
The open-loop plant is unstable for some combinations of the 
variable parameters. 

Design of the Regular Control Loop-^li is desired that the 
dominant closed-loop roots of the control system have a 
natural frequency of approximately 10 rad/sec and a damping 
ratio of 0*7±0*2. No other closed-loop poles should have a 
damping ratio less than 0*1. 

The inverse model H{s) must be selected to provide the 
desired closed-loop poles. This selection is easily accomplished 
by successive trials using a digital computer to determine the 
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FOR NUMERICAL E^XAMPLE 


REGULAR CONTROL LOOP 
« = 60 RAD/SEC 
- 89 RAD/SEC 
s 0.707 

Ci^ a 60 RAD/SEC 

* 77 RAD/SEC 

a J.O DEG ^/DEG8 ^ 
i 0.16 DEO 0 ^ /DEG/SEC $ ^ 

K- a 0.006 DEG /DEG/SEC^i'j^ 
KjM^a 92.4 (NOMINAL VALUE) 
PLANT 

5 ^ M. ^ 200 
O^w'^ l.S RAD/SEC 
2 

0^ a ^ 3 

ADAPTIVE CONTROLLER LOOP 
r 77 RAD/SEC 

* 0,2 (NOMINAL VALUE) 

« a 100 RAD/SEC 


Figure 5, One parameter dither-adaptive system 
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closed-loop roots. With the zeros of H (s) chosen at — 5±/10, 

the desired closed-loop poles were obtained. 

The root locus for the design example is shown in Figure 4. 
The root locus plot shows loci for two extreme conditions of 
the plant transfer function parameters. The shaded areas denote 
the actual rectangular limits of the closed-loop poles for the 
maximum variation in the plant parameters. 

Because the damping ratio excursion is within the desired 
limits, no further changes in the regular control-loop compensa¬ 
tion is required. If this had not been the case, a different value 
for the compensation function would have been chosen and the 
design iteration with the digital computer repeated. 

It will be noted from the root locus in Figure 4 that two 
possible frequencies of instability can exist: (1) a high frequency 
instability in the region of 75 rad/sec, and (2) a low frequency 
instability in the region of 9 rad/sec (for the case of an open- 
loop unstable plant). 


Design of the Adaptive Controller Loop 

The dither frequency should be selected large compared with 
the plant migratory poles. Acceptable operation occurs if the 
dither frequency is approximately five times the dominant 
closed-loop poles, or greater. 

An interesting mode of operation described below is possible 
if the dither frequency is chosen to correspond with the fre¬ 
quency at which the high frequency instability occurs (77 rad/sec 
in this case). However, this choice is by no means necessary for 
normal operation. 

The self-adaptive performance criterion SAPC is taken to 
be the output acceleration amplitude response rather than 
output position or rate. The reason for this choice is to avoid 
steady-state output of the position or rate from biasing the 
measured self-adaptive performance criterion. A simple band¬ 
pass filter with second-order denominator tuned to the dither 




Figure 5. Self-adaptive performance criteria (amplitude response) as a , 
function of loop gain 
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frequency is used for the SAPC computer. The filter output is 
rectified to obtain the measured SAPC. 

The reference value for the SAPC is obtained by plotting 
the SAPC [given by eqn (4)] for the particular example as a 
function of the loop gain From this curve {Figure 5) the 

desired value of the SAPC can be readily determined. The 
desired value of the SAPC corresponds with the value of the 
loop gain determined from the regular loop analysis. 

For the example, this value of loop gain is 92-4 which yields 
thedesired closed-loop poles of the regular control \oo^{Figure4), 

Figures illustrates the adaptive operation of the dither 
adaptive system for a case in which the control system is initially 
unstable at the low frequency in the region of 9 rad/sec. 

Figure 7 illustrates a similar behaviour of the adaptive system 
for the case in which the control system is initially unstable at 
thfe high frequency in the region of 75 rad/sec. In both cases the 
adaptive system veiy quickly adjusts the gain to provide for 
stable operation. 

Another interesting type of operation possible for the adap¬ 
tive system occurs when the dither input is reduced to zero 
{Figured). In this condition the adaptive controller loop in¬ 
creases the gain until the system becomes unstable at approxi¬ 
mately 75 rad/sec, which causes an output oscillation that 
appears as a dither response to the adaptive bandpass filter. 
The adaptive controller reduces the adaptive gain to quench 
the unstable oscillation. This operation will be repeated in a 
cyclic fashion which causes a saw-tooth variation in the gain Kn 
abput the nominal value. 


Adaptive Controller Stability 


Self-adaptive Performance Criterion 

It was shown above that the regular control loop can be 
designed such that acceptable performance is obtained if the 
amplitude response to the sinusoidal dither is maintained 
constant (providing specified restrictions on flie migration of 
the plant poles and zeros are made). 

For the sinusoidal dither adaptive system, the self-adaptive 
performance criterion SAPC is Ihe amplitude response of the 
regular control loop to fhe dither signal input. The desired value 
of the self-adaptive performance criterion is that value which 
corresponds to the desired loop gain of the regular control 

loop. An analytical expression for the SAPC was presented in 
eqn (4). The SAPC is a function of the two variables and 
and for small perturbations about the operating point can be 
expanded in a Taylor series expansion neglecting the higher 
order terms: 

S^C=F(M,,2«:,)=/o+^AM,+^Ais:, (5) 

The two partial derivatives may be evaluated by the chain rule; 


df _ df d(KM_ df 

dKg dKf d(MgKi)^* 

and 

Sf . df d(KtMi) _ df 
dM, d(MiKg) dMi 


( 6 ) 


The partial derivatives of (Q are evaluated at the operating 
point where /=/© and K^^={KsMs)o. Tb& partial derivative 


df Id {M^K^ may be interpreted as the slope of the curve in 
Figures at the operating point. An analytic expression for 
dfjd {M^^ may be obtained by taking the derivative of eqn (4) 
with respect to the product M^K^. 

df _ 1I2 CiC3M^,+C,C^ 

dMiKi ^ ^ 




Figure 6. Initially unstable at low frequency 



Figure 7. Initially unstable at high frequency 



♦Dither turned on 
M^a30 

Figure 8. Dither signal initially turned off 
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Stability-in-the’‘Small 

An analysis of the stability-in-the-small of the adaptive 
controller loop is based upon eqn (5). Eqn (5) can be represented 
as a summing point in the stability block diagram for the 
adaptive controller loop (Figure P). The input to the adaptive 
controller loop is considered to be an incremental change in 
the plant parameter 

If an incremental change AM^ occurs, an incremental change 
in the self-adaptive performance criterion will result. To return 
the self-adaptive performance criterion to its desired value, it 
will be necessary for the adaptive system to adjust the adaptive 
gain by an increment AK^. The self-adaptive performance 
criterion is measured by the adaptive bandpass filter and rectifier 
which has an ‘equivalent’ transfer function Gq (s). The output 
of Gc (s) is passed through the d. c. gain of the full wave rectifier. 
The output of the rectifier corresponds to the measured self- 
adaptive performance criterion which is compared with the 
desired or reference value of the self-adaptive performance 
criterion to form the adaptive error The adaptive error is 
applied to an integrating servo which adjusts the adaptive gain 
K^. A non-linear gain, K^=dK^I(d(p) is shown between the 
adjustment servo output and the increment change in The 
incremental change in passes through another non-linear 
gain block, K^^dSAFCKdKs). 

It is interesting to note that amplitude modulation theory 
applies to the sinusoidal dither adaptive system. The adaptive 
information regarding changes in the SAPC is contained as 
amplitude modulation of the control system response at the 
sinusoidal dither frequency. Using amplitude modulation theory 
it may be shown that the equivalent transfer function of the 


bandpass filter to the adaptive information can be represented 
by a low-pass filter. This filter is a first-order lag at fpCOp, if it is 
assumed that no information power occurs above the dither 
(carrier) frequency. However, if the information power above 
the dither frequency is considered, then the low-pass filter is 
second order with the low-frequency lag at fjrcoj? and the high- 
frequency lag at tKji, approximately four times higher than 
fpcoj? for the bandpass filter used in the numerical example. 

For stability-in-the-small the adaptive controller maintains 
the loop gain constant, i.e. For this case the 

partial derivative dSAPC/idK^) is 


dSAPC 

dK, 


1/2 C 1 C 3 IC 2 *4* C 1 C 4 

iC^Kl + C^K^+C^f'^ 


( 8 ) 


where J^g can be considered a constant. The significance of 
eqn ( 8 ) is that as the plant gain (and therefore by the 
adaptive action) vary over the operating range, the loop gain 
of the adaptive controller loop will vary accordingly. To com¬ 
pensate for the effect of eqn ( 8 ) an intentional non-linear gain 
Kj—dKj(d<p) is introduced to maintain the adaptive controller 
loop gain K^KzK^KJKs invariant over the operating range. It 
is convenient to choose the non-linear gain 1 ^ 1 = which for 
small perturbations means that the adaptive loop gain is a 
constant, 

Stability-in-the-small has been reduced to a simple linear 
problem for the adaptive controller loop. A root locus of this 
linearized loop, using the numerical example given previously, 
is shown in Figure 10, The dominant closed-loop poles are at 
a natural frequency of approximately 11 rad/sec for this example. 


NON-LINEAR 



Figure 9, Adaptive controller stability loop 
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If the adaptive loop gain is raised sufficiently an instability occurs 
at about 17 rad/sec. This instability is exhibited as a limit cycle 
since non-linearities exist in the loop for large excursions about 
the operating point. An analogue computer simulation was 
conducted to verify the stability and performance of the adap¬ 
tive system using the numerical example. Stability-in-the-small 
was investigated for the case in which the gain was fixed and 
for the case in which it was varied directly as The results of 
the first case are illustrated in Table 1, 


Table L Limit Cycle of Adaptive Controller Loop Ki=^constant 


Mf 

Nominal 

Critical 

Ka 

Frequency of oscillation 
c/s 

30*0 

3-08 

0-48 

2 -1/2 

92*4 

1*0 

0-16 

2 -1/2 

200*0 

0-462 

0-08 

2 -1/2 


It may be seen that the critical value of (the value at 
which the limit cycle occurs) varies with the value of Mg. At 
high values of Mg it requires a relatively small value of to 
induce the limit cycle instability and conversely which confirms 
eqn (8). 

Note that the frequency of oscillation in Table 1 is reasonably 
close to the frequency at which the adaptive controller root 
locus predicts the system will go unstable (2*9 c/s). 

The simulation results of the stability-in-the-small when the 
adaptive-loop gain K^^Kg are summarized in Table 2. It will be 
noted that the value of Kj^ at which the limit cycle instability is 
ihduced is the same at all values of Mg as predicted by the above 
analysis, since K^dSI^CI{dK^=comizxit. 


Table 2. Limit Cycle of Adaptive Controller Loop K^^Kg 


Mi 

Nominal 

Critical 

Ka 

Frequency of oscillation 
c/s 

30*0 

3*08 

0*18 

2 -1/2 

92*4 

1*0 

0*18 

2 -1/2 

200-0 

0*462 

0*18 

2 -1/2 


Referring to the root locus (Figure 10\ it may be seen that 
a smaller value of will move the pole of the bandpass filter 
closer to the origin, causing the adaptive controller loop to go 
unstable at a lower frequency and at a lower gain. 

Table 3 shows the analogue computer results which illustrate 


the effect of the adaptive bandpass filter damping ratio on 
the stability-in-the-small. 

The frequency and gain for instability predicted by the 
root locus plot and the computer results correspond very 
closely. 


Stability-in-the-large 


The principal difference between the stability-in-the-large 
and the stability-in-the-small arises from the fact that the gain 
product KgMg is not maintained constant for very rapid changes 
in the plant parameters because of the limited response time 
of the adaptive controller loop. Because KgMg is not a constant 
for rapid changes in Mg, is no longer a constant but is a 
non-linear function of KgMg given by eqn (5). Thus the con¬ 
sideration of stability-in-the-large is a non-linear, time-varying 
problem. In spite of the complicated theoretical implications of 
considering the exact solution to the stability-in-the-large prob¬ 
lem, considerable insight into the understanding of the transient 
response for large, rapid changes in Mg can be obtained by a 
qualitative consideration of the effect of the variable gain 


, RAD 
^ SEC 




EFFECTIVE OPERATING POINT 

FOR + AM. -- 

* 1 \ 

SMALL SIGNAL (ZERO AM J 
OPERATING POINT -^ 

1 1 1 


2 



EFFECTIVE OPERATING POINT_ 

FOR • AMg 

^ _ 




SELT ADAPTIVE ROOT LOCUS 

Figure IL Root locus showing effect of rapid Mg changes 


S£( 


dSAFCjdKg. For a positive step increment in AMg, the gain 
5SAPC/3 jK]j increases initially. For a negative step increment 
in A Mg the gain decreases initially. The apparent position of 
the adaptive controller closed-loop poles will shift for step 
function inputs. The frequency and damping will increase for 
an increase in Mg and conversely. This effect is illustrated 
qualitatively on the root locus diagram of Figure 11. 

The analogue computer traces of Figure 12 illustrate the 
difference in the stability-in-the-large for positive and negative 
step changes in ^Af^. It may be seen that the results predicted 
from the root locus of Figure 11 are confirmed. 


Table 3. Adaptive Controller Stability with 
Bandpass Filter Damping 



Nominal 

Critical 

Ka 

Frequency of oscillation 

c/s , 


92*4 

1-0 

0*18 

2 -1/2 

0*2 

92-4 

1*0 

0*12 

1-3/4 

0-1 

92-4 

1*0 

0064 

1 

005 


Conclusions 

It has beeii shown that the one parameter dither-adaptive 
technique applies to a relatively wide class of control systems. 
The technique has been applied to advanced aerospace vehicle 
control systems’* ®. An extension of this technique, which uses 
the dither phase response as well as the amplitude response, 
has been developed by the authors. This extension provides for 
two variable adaptive parameters and results in a decrease 
of the region of migration of the closed-loop poles. This devel¬ 
opment is reported in a later paper. 
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Figute 12, Complete traces showing effect of step AM^ changes 


The authors wish to extend their appreciation to John NishimU 
Tom DePont^ Lawrence Callahan and William Watt for per¬ 
forming the analogue computer simulations and digital computer 
analyses. Thanks are given to Autonetics for providing the com¬ 
puter facilities^ and particularly to Guy Boyle for his many helpful 
discussions and suggestions which contributed significantly to the 
understanding of the system. 
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DISCUSSION 


Author’s Opening Remarks 

The extensions to the paper since its preparation take two directions. 
First, the method is extended to include the adjustment of more than 
one parameter^. An example is presented® in which the dither amplitude 
response is used to adjust the loop gain and the dither phase response 
is used to adjust a compensation zero. 

Secondly, the theory of sensitivity functions as reported by McRuer 
and Stapleford®, and others, is used to analyse the stability of the 
adaptive loop and to assess the performance of the adaptive adjustment. 


The general configuration considered is shown in Figure A, The 
loop consists of a plant which is modified by the environment and 
adaptive gain and compensation which are modified by the adaptive 
adjustments. The adaptive adjustments compensate for the environ¬ 
ment variations. 

A numerical example (Figure B) is considered. The adaptive system 
comprises the regular control loop and two adaptive adjustment loops. 
A sinusoidal test (dither) signal is injected and the phase and amplitude 
response are measured by means of a bandpass filter and appropriate 
discriminators. 


Dither 

generator 

E^sinw^tl 

Rfe) 


Adaptive gain 
— K6 — 


Adaptive 

compensation 


dKfi 




S+Pl 




Adaptive controller variations 


Plant dynamics 

M G(s,Pj,2j) 

Mfi(si-z^)(s»22)’‘+ 
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f f t 


dMg dZj 


dpi 
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C(S) 


Closed-loop transfer function: 

C . K8Ms(5.4,)(s.2,)(s.Z 2)' - (s.Zn) | _ ^ ^ 

(s+ppfe+q,)(s+q2) "(s.qn.m> I ’ 

ssjwd 

Figure A, Two-parameter dither self-adaptive control system 
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The phase adaptive loop adjusts.the compensation zero to keep the 
dither phase response constant. The amplitude adaptive loop adjusts 
the gain to maintain the dither amplitude response constant. 

Fi^re C illustrates the effectiveness of the amplitude adaptive loop 
in maintaining constant response to a unit step function applied to the 
input of the regular loop. The response is before and after a plant gain 
change. 

Figure D shows the effectiveness of the phase loop in keeping the 
response fixed. The response shown is before and after a change in the 
plant pole location. 


The general formulation of the block diagram for the adaptive 
controller loops is shown in Figure E, It may be seen that sensitivity 
functions can be used to express the change in the closed-loop poles 
as a result of both environment and adaptive parameter changes. 
The block diagram in Figure F represents a specialization of the 
block diagram shown in Figure Eiox the numerical example illustrated 
in Figure B. The amplitude loop is at the top and the phase loop is at 
the bottom. The coupling between the loops is such that the amplitude 
loop adjustments disturb the phase loop, but not conversely. Also the 
stability of the two loops is independent for the example. 
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Figure B. Dither adaptive systeniy numerical example 
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Figure C. Effect of amplitude adaptation 



Figure D, Effect of phase adaptation 
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The analogue computer simulation trace in Figure G shows the 
adaptive adjustment response to a sudden change in the plant gain. 
The response is as predicted by the block diagram in Figure F, 

Conclusions 

It has been shown that the dither self-adaptive control system is 
practical and simple to implement. The system provides effective 
adaptive control through closed-loop adjustment of gain and compen¬ 
sation networks. 

It is shown that the adaptive adjustment loops can be analysed and 
designed to be stable. 
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Figure E, Adaptive controller loop 
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Figure F, Adaptive controller stability loops 
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Figure G. Adaptive response—step change in plant gain 


F. Mesch, Institutfur Regelungstechnik^ Darmstadt, Germany 

In deriving eqn (4), the dither frequency Wj is assumed to be large 
compared with the dominant poles of tlie plant, I think this is quite 
impractical because in this case the dither amplitude at the input of 
the plant must be very large in order to yield a detectable output 
amplitude. Usually this is very undesirable, especially if high energy 
levels are involved. 

Furthermore, what type of input signal r (0 was considered ? If /* (r) 
is a random signal and it is assumed that the dither amplitude at the 
plant output must be small compared with the normal operating signal, 
then it may be shown^ that the bandwidth of the bandpass filter must 
be impracticaUy small. For the type of filter considered in the paper, 
the damping ratio would be in the order of f = 0*001 or even less. 


Thus a measuring device using phase sensitive detection (correlation) 
would be more effective. 

Reference 

^ Mesch, F. Vergleich von Korrelations-Mefiverfahren fiir Selbstein- 
stellung (to be published) 

R. Smyth, in reply 

In answer to Dipl.-Ing. Mesch’s question it should be pointed out that 
the second derivative of the output is detected as shown in Figure 3 
of the paper. Detection of the second derivative allows the dither 
component in the output to be quite low. 

Replying to his second comment, we have considered the effect of 
random signals appearing at the input to the regular loop in Reference 
5 of the paper. Any random signal appearing at the output of the 
regular loop will produce an error in the adjustment of the adaptive 
parameter. The magnitude of the error depends upon the spectral 
content of the random signal and the bandwidth of the bandpass filter 
used in the adaptive loop. The effect of a given random signal can be 
reduced by narrowing the bandpass filter bandwidth, but at the ex¬ 
pense of reducing the speed of adaptation. 

We cannot agree with Dr. Mesch that the bandpass filter band¬ 
width would necessarily be very small, since the selection of the band¬ 
width is clearly an optimum design problem. However, we welcome 
the opportunity to consider his forthcoming paper in our future work, 

R. Lauber, AEG Institutfur Automation, Brunnenstr. 107a, Berlin 65, 
Germany 

As a contribution to this excellent paper I would like to suggest using 
another method^ for an analysis of the stability in the large. It should 
be possible by this method to calculate directly the describing function 
of the adaptive controller loop, thus replacing the qualitative con¬ 
siderations made by the authors. 

Reference 

^ Lauber, R. A new method to derive the describing function of 
certain non-linear transfer systems. Automatic and Remote Control, 
Vol. 1.1964. Munich; Oldenbourg. London; Butterworths. 

R. Smyth, in reply 

It is possible that Dr. Lauber’s method may aUow prediction of limit 
cycles involving a strong interaction between the regular loop and the 
adaptive adjusting loop. 

However, the stability analysis presented in the paper was capable 
of predicting the frequency of the limit cycle which was observed du¬ 
ring the analogue simulation (Tables 1,2 and 3). The stability model 
also allows prediction of the gain at which the limit cycle occurs. 

We will consider Dr. Lauber’s method in our future work. 
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Predetermination of Control Results for Reheaters 

in Steam Generators 
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Summary 

The paper describes the predetermination of the time behaviour by 
application of the frequency response method, as particularly develop¬ 
ed for resuperheaters in steam generators. The result of the control 
action of the simulated control circuit is quantitatively calculated by 
means of an analogue computer. The simulated control circuit is taken 
from a steam generating plant which is in the state of planning. The 
control results of various reheater arrangements and control circuits 
are compared with each other. 

Sommaire 

L’article d6crit Tapplication de I’analyseharmonique efFectu6e spdciale- 
ment pour les conditions de marche d’un rdsurchauffeur de 
vapeur avec predetermination du comportement dynamique. Le 
resultat quantitatif de r6glage de la boucle simuiee est trouvd k I’aide 
d’un calculateur. La boucle de r^glage simulde correspond k une instal¬ 
lation actuellementau stage d’etude. Lesrdsultats des differentes dispo¬ 
sitions de r6surchaufFeurs et circuits de r6glage sont compares. 

Zusammenfassung 

Der Beitrag beschreibt die Anwendung der speziell fUr die Verhaltnisse 
am Zwischeniiberhitzer abgestimmten Frequenzgangmethode bei der 
Vorausbestinunung des Zeitverhaltens. Mit Hilfe eines Analogrechners 
wird das quantitative Regelverhalten des simulierten Regelkreises er- 
mittelt. Dem simulierten Regelkreis liegt eine im Projektstadium be- 
findliche Anlage zugrunde. Das Regelverhalten verschiedener Zwi- 
schenilberhitzeranordnungen und regelungstechnischer Schaltungen 
wird verglichen. 


Present-day machines demand that live and process steam 
temperatures should be kept constant within a narrow scope 
for load ranges as large as possible and, by means of the fre¬ 
quency control system, also for rapid load swings. The 
reheater, especially, presents the boiler designer with difficult 
problems, because of its unfavourable partial load behaviour. 
Practical methods of boiler design offer a wide range of alter¬ 
nate solutions which do not always give good controllability. To 
obtain the expected controllability figures during the planning 
stages of the installation, predictions, based on the control 
performance and the boiler design, have to be made. 

Such a predetermination opens with enquiries about the time 
and disturbance behaviour of the controlled system, and proceeds 
with the simulation of the complete control circuit and its dis¬ 
turbing influences upon the controller results. Various rough- 
and-ready rules, available to determine the time behaviour of the 
controlled system, offer only in very few cases a satisfying 
approach, and scarcely give any information about the dis¬ 
turbance behaviour. Against this, the frequency response tech¬ 
nique, as stated by Profos at the ‘Heidelberger Tagung’, is a 
method by which ^e demands of practice can be met thoroughly. 


In particular, the possibility of combining the different fre¬ 
quency response elements, allows the choice between calculation 
expense and required accuracy, in order to compare the dynamic 
behaviour by varying their constructive arrangements. 

The reheater consists, as in the case of the main superheater, 
of numerous flows through heated and unheated tube elements. 
The dynamic behaviour of the whole system for various possible 
disturbances coming from outside, is given by the disturbance 
frequency responses. One of them will correspond with the 
control transient response. 

If the manipulated variable of the primary or secondary 
control circuit is the position of a flue gas damper in the con¬ 
trolled flue gas channel or, as preferably and very often used for 
the control of reheater outlet temperatures, the angular posi¬ 
tion of a rotary burner or the position of a butterfly valve in the 
recirculating flow, the frequency response of a flue gas tempera¬ 
ture disturbance and that of a flue gas flow disturbance is equi¬ 
valent to the control transient response. The frequency response 
of the flue gas disturbance is therefore a matter of particular 
importance to the reheater. 

The entire transfer behaviour of a reheater tube element is 
characterized by a number of frequency responses: 



LW . « 

-L{ASJ ’ 


Steam inlet temperature 


(1) 


^*"" l{AM T’ steam flow 


L{Aa,} . 
® L{A0}’ 


0 = 


flue gas temperature 


( 3 ) 


•Fc 


~L{AC} ’ ^ 


Speed of flue gas flow 


( 4 ) 


# 4 , M, C and 6 are the factors influencing flie reheater outlet 
temperature. Besides the necessary simplifications such as one¬ 
dimensional steam, flue gas, and tube wall temperatures, con¬ 
stant tube diameters, specific gravities and specific heats of the 
tube elanent concerned, any one of the four frequency responses 
presumes that the other three influencing factors stay constant 
over the considered time. In other words, the transmission 
behaviour of the tube element will be ascertained with time 
variation of one of the influencing factors, assuming that 
the other three have remained unchanged in time. 

The exchange of the two frequency responses and Fc 
with one having the influencing factor Q, representing the heat 
value transmitted to the inner wall of this tube, appears accord¬ 
ing to above details not suitable, particularly as this presumes 
a linear increasing flue gas temperature over the entire length of 
the tube in steady-state condition. On the other hand, the deri- 
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vation of the four frequency responses offers considerable diffi¬ 
culties, if Fq is taken into consideration as well. Such a deriva¬ 
tion, however, would be a tremendous help for automatic 
control techniques. 

First of all, investigations had to be limited to the first three 
frequency responses F^ and Fq, That, of course, is an 
additional simplifying assumption and means, that the time 
response, but not the final vdue, of the control transient re¬ 
sponse of the flue gas damper control corresponds with the time 
response of the flue gas temperature disturbance function, pro¬ 
vided that the reheater is subdivided sufficiently for this calcula¬ 
tion. Accordingly, the formulas for the three remaining fre¬ 
quency responses are derived from the set of simultaneous par¬ 
tial differential equations of the heat exchanger (Figure 1). The 
numerical calculation of these frequency responses can be per¬ 
formed very quickly if a well-programmed digital computer is 
on hand, even for a large number of pipe sections and various 
load values. 

To represent the dynamic qualities of the reheater, in the 
form of coupled transient functions, by an analogue computer, 
it is necessary to transform the resulting disturbance frequency 
responses of the entire tube system from the Laplace domain 
back into the original domain. For especially well-approached 
values within the first time section of the transient response, the 
methods demonstrated by Leonhard and Herschel call for special 
attention. Expense in calculation work is tolerable. The time 
constants of the time elements simulated by an analogue com¬ 
puter are to be determined from the obtained transient responses 
according to the approximation method by Strejc. A simpler 


method, however, is the direct determination of the time con¬ 
stants and damping factors for the computer set up by comparing 
the obtained frequency characteristics with typical bends and 
asymptotic gradients of well-known functions. With a transfer 
behaviour of the controlled system made known in this way, 
and the already known dynamic and static behaviour of the 
controllers, the control circuit can be simulated on the analogue 
computer, and the trend of the different signals, especially the 
control signal after a disturbance is introduced, can be recorded. 

The results of a predetermination of the transfer behaviour 
of a reheater’s controlled system, carried out in the manner 
described above, and the control characteristics obtainable by 
it, are shown in the following: 

The dynamically precalculated reheater is in the planning 
stage about 18 months before being put into operation, 
has an iron weight of approx. 99 tons (of which 86*7 per cent is 
heated) and is part of a ‘natural-circulation-cyclon-boiler’ of 
380 (510) tons/h steam capacity. The reheater outlet temperature 
is 530 °C. The load-depending maximum steam pressure is 
20 atm. All heated sections of the reheater are situated in the 
controlled flue gas channel. At the reheater inlet a provision is 
made for an injection, attached to the flue gas damper controller. 

For accomplishment of the assumptions taken as a basis for 
the frequency response derivation, the reheater is separated 
into nine tube sections. From those were obtained: four fre¬ 
quency responses for the inlet temperature, three for the steam 
flow disturbance and three for the flue gas temperature dis¬ 
turbance. The signal flow diagram (Figure 2) shows the arrange¬ 
ment of functional blocks for the disturbance, the control 
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Figure L Frequency responses 


L - JLength of tube section [m] 

d®, rf' - Outer and Inner diameters of tube respectively [m] 

« Steam throughput [kg/scc] 
n « Number of parallel tubes 

yn Average specific gravity of steam within tube section [kg/m*] 
yji ■» specie gravity of tube material [kg/m^] 
m - Nusseirscher Exponent (m fie 0'8) 


CpD ** Specific heat of stean [kcal/kg *CI 
Cr - Specific heat of tube [kcal/kg **0] 

otD » Heat transfer coefficient steam to tube wall [kcal/m* sec ®C] «jo sC’ 
<^R “ Heat transfer coefficient flue gas to tube wall [kcal/m* sec “C] 

0 ® =» Speed of steam [m/sec] 

0C®) “ Average flue gas temperature in steady-state condition I®CJ 

- Steam inlet temperature, in steady-state condition C®C] 
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Figure 2. Simplified scheme of control signal flow 

j 4 SB Partial section of reheater 
Index a = Transient response at 1 for / ^ 0 
Index b » Transient response at d& ^ J for t ^0 
Index c => Transient response at AM I 

5 = Thermocouple 

6 = Derivative action of controller 

7 Flue gas damper controller 

8 = Set point displacement for infection controller 
P, 10 =» Time constant of controllers 

II, 12 — Limitation affinal control elements 

13 “ Transmitting factor of infection 

14 « Transmitting factor of steam flow 
IS, 16,17 « Transmitting factors of position 

A Mg Disturbance of steam throughput 
AQz^ Disturbance of flue gas temperature 
dgfz Disturbance of steam inlet temperature 
A9a “ Change of temperature at reheater outlet 


transient responses of the reheater, and for the control equip¬ 
ment of the control circuite. 

The primary control circuit is the one which is PlD-acting 
on the flue gas dampers and therefore acts similarly on the flue 
gas temperature as well The secondary PD-action controller 
regulates the injection, mounted at the reheater inlet. As this 
control circuit will work outside its limit position (closed in¬ 
jection valve) in case of an emergency only, i.e. for very ex¬ 
treme temperature deviations, the set point is adjusted to a 
value about 1 ® C higher than that of the primary control circuit. 

Results of the dynamic predetermination are: 

(a) The disturbance and control transient response of each 
of the reheaters’ partial sections. For the first section only the 
frequency response of the inlet temperature variation is avail¬ 
able, since this section consists of only unheated elements 
{Figure 3). 

The resulting control transient function of the sections 
1 3yi...3 (0 (step variation of the inlet temperature) shows 

still permissible time delays and starting times on the diagram. 
For shorter flow-throu^ times (short tubes or small cross 
sections respectively) the transient function approaches the step 
function, as in the case for the fourth reheater section. 

Step variations of the steam throughput result in a transient 
function/i,.: 8(0 of approximate first order (without substantial 
time delay). For short flow-tihrough times this transient func¬ 
tion /4 (0 ^so approaches the step change function. 


For step variations of the flue gas temperature a first-order 
transient function {t) appears for short tubes, whilst for 
longer ones the influence of transport lag produces a delay in 
the transfer function /i ...3 ( 0 - 

For variations of the inlet temperatures the inverse gain 
and, accordingly, the effect of the inlet temperature disturbance, 
are larger upon reheater elements with short flow-through times 
than upon those with longer ones. The relations are the opposite 
for disturbances of the flue gas temperature or the steam 
throughput respectively. 

{b) The optimization of the controller which is obtained by 
selecting the parameter of the controller’s function blocks with 
regard to the most favourable control results. It gives very 
important information for the planning and lay-out of the con¬ 
trol equipment and, furthermore, gives a lead to the adjustment 
of control equipment, while putting the control system into 
operation. 




Figure 5. Transient and disturbance response of reheater"s partial section 
f^(t) Transient response of reheatefs partial section 1 {unheated tube {length20m)} 

A(t) Transient response of reheater*s partial section 2 [heate^SOO parallel tubes 

(length 22 m) value of temperature increase possible 77® Cj 
A(t) «** Transient response of reheater's partial section 3 {heated-^00 parallel tubes 
(length 22 value of temperature increase possible 116^ Cj 
fA(t) Transient response of reheateds partial section 4 [heated’-partially unheated—• 
500 par^lel tubes and partly as single tube (length 7*3 value of tem¬ 
perature increase possible 54° C] 
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As the transient response varies with the steam throughput, 
i.e, the load situation of the steam generator, the optimization 
will differ more or less for various loads. The predetermination 
allows for whether an optimum adjustment of the controller is 
sufficient for the entire load range or whether it is necessary to 
regulate these controller parameters according to loads. 

(c) The progress of a control signal as soon as one of the 
possible disturbances is introduced is indicated by the quantita¬ 
tive control result (Figure 4), In this case the respective disturb¬ 
ance was introduced to the system as a step change. For the 
first test case it is a steam inlet temperature variation of 20®C. 
This effective disturbance equals a standard disturbance of 
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Figure 4. Control results for disturbance caused by step charges of 
steam inlet and flue gas temperature and of the steam throughput 

xw »= deviation of steam temperature from the desired value 

«• position of flue gas control dampers in per centy related to Y\ 

Y s ^ control current in ®C of the infection 

Z0 » disturbance of flue gas related to measuring point of controlled 
variable 

ZOg *= disturbance of steam inlet temperature related to measuring point 
of cbntrolled variable 

Zu “ disturbance of steam throughput related to measuring point of 
variable 

^&Zy LMz ^ effective disturbances 

Xm " maximum variation (overshoot) of the control deviation 

r iTR “ time delay of control characteristic (referring to process transient 
response to a step change) 

tM *" momenty at which Xjg appears 

tAS control time (timcy ttfter which the temperature deviation does not 
exceed ± 2 per cent of the disturbance) 


6*88 ®C at the control signal measuring point (corresponding 
with the static transfer response of the controlled system). In the 
second test case it is a flue gas temperature variation of 15‘2®C. 
The equivalent standard disturbance amounts to 10 ®C. Accord¬ 
ingly the control deviation is already big enough to start operat¬ 
ing the emergency injection controller with its only 1 ®C higher 
adjusted set point (see dash and dot line in Figure 4). In the 
third test case the control deviation registered is to be expected 
after a steam throu^put variation of 7-65 per cent in relation 
to the control load condition of 385 tons/h. The 29-5 tons/h 
steam throughput reduction equals a standard disturbance of 
— 10® C at the measuring point of the control signal. Here, too, 
the emergency injection control operates shortly (dash and dot 
curve in Figure 4). The dashed curve of Figure 4 indicates the 
movement of the final control element during operation, after a 
disturbance has taken place. 

Each of the three control characteristics, described above, 
represents the control result for a certain disturbance. In prac¬ 
tice, all disturbances will possibly appear in a temporal sequence, 
which depends on the boiler design, the operating conditions 
and the other interconnected control circuits of the boiler. 
Therefore the above-mentioned results may be used for a 
guarantee with regard to the expected control result only with 
certain limitations, unless the time sequence of the disturb¬ 
ance is so long that no substantial overlappings occur respec¬ 
tively; the time sequence of the disturbances is well known 
by experience. The collection of such empiric values is a further 
important point, which could supply real impulses for the 
practical predetermination of a reheater’s control behaviour. 

As far as linear transfer functions are assumed in the control 
circuit the values of the disturbances can be percentage con¬ 
verted. 

(d) The quantitative results of a performed precalculation 
are of limited practical value at today’s state, for lack of appro¬ 
priate empiric data regarding the time sequence of the dis¬ 
turbances and because of the different simplifications neces¬ 
sary for the derivation of the frequency responses. The qualita¬ 
tive results, however, supply so many valuable details for 
planning the control system and for the boiler design, that a 
pre-calculation is always justified. The effects of various reheater 
connections and arrangements in the boiler upon the control 
results, will be demonstrated with the nine cases investigated. 
For all of them the same reheater, subdivided in four partial 
sections as stated in (a), the same load value gind the same 
disturbance—^the one of a steam flow variation—^were considered, 
so that comparing statements could be made (Figure 5). 

The Test Case I shows the control result for a reheater, fully 
situated within the controlled flue gas channel. 

Only for modest partial load demands will the boiler de¬ 
signer succeed in setting the entire reheater into the controlled 
flue gas channel. As the reheater is situated in the flue gas 
flow after the first stage of the main superheater, it gets into the 
portion of the flue gas flow, in which the transferred heat 
decreases considerably at partial load. Therefore, the boiler 
designer tries to transfer a section of the reheater into the 
front area of the boiler. 

Such an extreme case, where a large section of , the reheater 
is not situated in the controlled flue gas channel any more, is 
shown in Test Case 11. The iron masses arranged after the first 
part of the controlled system, which is influenced by the con¬ 
trolled current; cause a very unsatisfactory control result. 
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Figure 5 id). Supplementary table [to Figures 5 (6)-5(^01 



Injection control 

Flue gas damper control 


Vb 

Vr 

T 

T. 

Vb 

Vr 

T 


I 





3-9 

_ 

134 

17 

n 





6 

— 

150 

20 

m 





10 

0-7 

90 

15 

IV 





64 

0*3 

109 

16-3 

V 





5*2 

0*71 

51 

10 

VI 

60 

— 

— 

17 

3-9 

— 

134 

17 

VII 

6*0 

— 

— 

17 





vin 

3-9 

0*74 

76-4 

14-8 

1-016 

— 

90 

— 

DC 

5*5 

0*5 

100 

16 

1-016 

— 

150 

— 


%/°c 

— 

sec 

sec 

%rc 

— 

sec 

sec 


Vb ^ Control signal amplication In main circuit 
Vr = Control signal amplification in auxiliary circuit 
» Integral time 

Tv “ Rate time (rate time amplification « 5) 


The project engineer of the control system also gets valuable 
references from such a comparative predetermination. Test 
Case III, for instance, shows how much the unfavourable 
control result of Test Case II can be improved, if instead of 
a PID-acting single-circuit control a two-circuit control is 
employed, with an auxiliary measuring point just before that 
reheater section, which is situated outside the controlled flue 
gas channel. The P-acting addition of this auxiliary temperature 
signal produces a control result close to that of Test Case I. 

The question of how much the control result of Test Case I is 
improved by the use of a two-circuit control with an auxiliary 
measuring point before the reheater outlet, is answered by 
Test Case IV. There is no doubt that the addition of an auxiliary 
temperature signal shortens the settle-out time (time after which 
the temperature deviation does not exceed ± 2 per cent of the 
disturbance), but there is hardly any decrease of the maximum 
overshoot. The appraisal of how far the poor result of the 
two-circuit control justifies the considerable expenditure on 
measuring equipment remains. The somewhat unsatisfactory 
effect of the auxiliary measuring point is due to the virtual lack 



Figure 5 ib). Predetermined control results after step change of steam flow for various circuit systems of the reheater temperature control 
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Two-circuit control; 
Auxiliary circuit; 
Paction;Main circuit: 
PID action; final 
control element: flue 
gas dampers 


Hwfr 


Two-circuit control; 
Auxiliary circuit-* 

PD action; Main 
circuit : PI action; 
final control element:| 
flue gas dampers 
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Figure 5(c). Predetermined control results after step change of steam flow for various circuit systems of the reheater temperature control 


of delay time in the transient response of this reheater allo¬ 
cation. 

From the control curve of Test Case V one can recognize 
that a rate time in the auxiliary circuit of the two-circuit flue gas 
damper control is much more advantageous than a rate action 
in the main circuit as is arranged for Test Case IV. In case of an 
auxiliary circuit rate time the control deviation will be reduced 
even faster. However, the peak value of the control deviation 
remains unchanged now as before. 

An injection cooling at the reheater will be avoided willingly, 
as the additional steam of medium pressure generated by it can 
only be used with a lower efiiciency. Nevertheless, an injection 
system is usually at hand for safety reasons. The system, 
thought to operate as an emergency unit only, is situated, in the 
majority of all boilers, at the reheater inlet. That the well-meant 
intention to control the ‘emergency injection’ from the excess 
temperature at the reheater outlet must remain imsuccessful, is 
demonstrated by Test Case VI, representing, at the same time, 
the operating case. The iiyection controller, with a set point 


adjusted only 1 °C higher than the one of the flue gas damper 
controller, cannot in this installation ‘cool off’ the temperature 
peaks. The maximiun control deviation remains unchanged, as 
a comparison with the control result of Test Case I indicates. 
Due to injection, the settle-out time (control time) gets worse, 
since a steam inlet temperature variation, produced by an 
injection at the reheater (see Figure 4) appears at the reheater 
outlet after a long delay and rise time. 

Test Case VII demonstrates that, with an unaided injection 
at the reheater inlet, only a pretty bad resiflt can be expected. 
It is different, however, if the injection takes place not at the 
reheater inlet, but shortly before the end of the reheater. If, 
furthermore, a continuously running injection water quantity 
is admitted, limited to a minimum by the flue gas damper 
control, the best control results can be obtained, as Test Case VIII 
indicates. 

Because of material reasons at high temperatures, the inter¬ 
section of the reheater, at which the iiyection will take place, 
should not be placed too far towards the reheater outlet. Yet 
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VII 




Single-circuit control; 
PD action; 

Final control element: 
injection valve 
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circuit control; 
Auxiliary circuit; P 
action; Main circuit: 
PID action; 
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Injection valve two- 
circuit controU 
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action; Main circuit: 0 
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Secondary: 
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control; PI action; 
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quantity_L__L_ 



Figure 5 Predetermined control results after step change of steam flow for darious circuit systems of the reheater temperature control 


the success of such an installation quickly becomes uncertain, 
as demonstrated by Test Case IX, if the reheater section, placed 
after the injection point, gets too large. Here, too, the dynamic 
predetermination will yield the required information about 
where to place that intersection. 

The small selection of comparative residts of a predeter¬ 
mination of control results demonstrates, especially for con¬ 
ditions at the reheater, how valuable such an investiption can 
be for the control project engineer and boiler designer. The 
fundamental studies in this field, however, can only be considered 
as completed, if quantitative results may also be used without 
any substantial restrictions. To that belongs the reduction of 
still necessary idealizations, the use of the disturbance frequpcy 
response for flue gas flow variations as well as a data collection, 


gained by experience, about the time sequence of disturb¬ 
ances possible in steam generators. 
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DISCUSSION 


J. Rakowski, Institute of Power, Warszawa 12, ul Woloska 88 m 53 

I would like to add some remarks to the very interesting and valuable 
report presented by Mr. W. Kindermann. 

(1) The tranrfer functions for temperature variation vary with the 
steam flow, that is with load of the steam generator. Therefore, it seems 
to me, the following fact should be emphasized: the structure of the 
control signal flow diagram {Figure 2 in the paper) is valid for all 
values of load, but the main transfer functions in this diagram are 
diflerent for different values of steam flow. Therefore, the Question 
arises: what was the basic value of load at which the transients in 
Figures 3,4 and 5 were obtained? 

(2) It seems to me that because of this, two more problems are of 
interest: {a) predetermination of the transient, for example 40,75 and 
100 per cent of full load and a comparison between these results; 
{b) the question raised in the paper—^is one optimum adjustment of the 
controller sufficient for the entire load range or is it necessary to change 
its parameters in accordance with load variations? 

(3) It is emphasized in the paper that all the transients in Figure 5 
have been obtained at the same load value and under the same dis¬ 
turbance ^namely, that of steam flow variation. However, there are 
no comments on the adjustment of the controller, therefore I would 
like to ask the author were the controller parameters equal in all the 
cases, or were they adjusted in each case separately to get the optimum 
control effect? 

(4) I would be interested to know what method was adopted for 
the simulation of the transfer functions for temperature variations? 
Are there any references on the subject? 


W. Kindermann, in reply 

(1) The control scheme as indicated in Figure 2 is valid for all load 
conditions, whereas the transfer functions of each block—and especial¬ 
ly those of the process—are dependent on the prevailing load condition. 
The predetermination of the dynamic response was carried out for the 
d^ign load of the boiler—385t/h. This load condition is used in 
Figures 3,4 and 5 of the paper. 

(2a) For partial load conditions, in which the constant factors of 
the transfer functions attain other values, the transfer functions have 
to be determined in the same way. Very roughly, the time scale is 
doubled at 50 per cent of the design load. 

(2b) The calculation of the transfer functions at different load 


conditions and the consequent optimization of the controllers for each 
of these load conditions will give different controller parameters. 

It is, then, a question of determining how much will be spent on 
equipment with adjustable parameters or whether the settings of the 
controUer should be adjusted for partial load. Further details have 
been published in the Conti-Elektro-Berichten of August 1963. 

(3) As in Figure 5, each case deals with a different arrangement of 
the process and controller. The optimization for minimum overshoot 
and minimum settling time has been adjusted differently for each case. 
The adjustment of the controller parameters is indicated mFigure5(a)\ 

(4) The transfer functions have been transformed back into real 
time domain functions, and these have been simulated on a computer. 
The methods of Leonhard and Herschel and the method of Strejc 
were used here. 


Mr. LXubli, Sulzer, Switzerland 

(1) Between the steam generator exit and the turbine entry there is a 
relatively long steam passage. Temperature fluctuations which occur 
at the generator end are damped in transit and enter the turbine with 
reduced amplitude. It is therefore necessary to determine the damping 
effect of the steam passages by a series of computer investigations. 
Figure A shows ffie transition ratio of a reheater type steam circuit. 
The entry magnitude is the temperature at the steam generator end] 
and the exit magnitude is the temperature at entry to the turbine. 

For example, temperature oscillations with a time period of 
!r= 315 sec (i.e. g) = InjT = 0*02 sec”^) when flowing through the heat 
absorbing steam passages, are damped according to the following 
relationship: 

Turbine entry _j approx. 0*4 for full load 

Steam passage entry " ] approx. 0-2 for 40 per cent load 

(Generator exit) I 

(2) The investigations will only succeed with the help of step inter¬ 
ference, and it would also be helpful if the investigation could be 
completed by means of sinusoidal interference. Because the resonance 
amplitudes of the regulation magnitude are, in the main, larger than 
the transitionary maximum deviations, due to step interference, their 
evaluation can be completely carried out. 

(3) The working out of a variation in valve adjustment unfortunate¬ 
ly does not restrict its effects to the reheater, but also has simultaneous 
interference effects on other generator parts. Needless to say, thorough 



Figure A. Transition ratio of an MThpassage with 100 per cent and 40 per cent load (2 passageways 387 x20mmx85m long- 

100 per cent = 340 tjh — 42 ata — 540^ C) 
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discussion of these undesirable side-eiFects is not within the scope of 
a conference paper. It should, however, be noted that a solution which 
is optimal only for reheater and temperature regulation considerations, 
is not necessarily the best solution for the plant as a whole. 


W. Kindermann, in reply 

(1) The damping effect of the pipe between the boiler exit and turbine 
inlet has to be considered with regard to temperature variations at the 
turbine inlet; but the temperature-depending material boundaries of 
the pipe at the boiler outlet can be neglected. 

(2) If periodic disturbances are expected—^as, for example, increas¬ 
ing and decreasing steam flow—^under certain conditions resonance 
effects may arise that reach amplitudes many times larger than the 
deviations from step disturbances. The need to determine the critical 
frequencies for such disturbances is therefore very justified. 

(3) Unfortunately, among the possible setting values for the tem¬ 
perature control of an intermediate superheater, most of them—with 
the exception of the injector and its associated thermodynamic effi¬ 
ciency loss—^introduce considerable disturbances to the other control 
loops of the boiler. This means that the setting value of the intermediate 
superheater temperature control, for example the position of recirculat¬ 
ing flaps, must be introduced as a disturbance to the main superheater 
temperature control. 


R. IsERMANN, Technische Hochschule Stuttgart, Institutfur Verfahrens* 

technik und Dampfkesselwesen 

When calculating the frequency response of the steam outlet tempera¬ 
ture, the author distinguishes between changes caused by alterations 
of flue gas temperature and changes due to alterations of flue gas flow. 

I would like to ask why this distinction was made. The time behav¬ 
iour of the temperature of the steam in the end of a superheater depends 
on steam inlet temperature, steam flow and heat flow. Heat flow is 
influenced by changes in the quantity of heat transferred through the 
outer tube walls. This quantity, among other things, is determined by 
flue gas flow, flue gas temperature and outer wall temperature. The 
equations for frequency response given in the paper already contain 
changes of heat flow due to changes of tube wall temperature. There¬ 
fore, in the computations following that, heat flow depends on flue gas 
flow and flue gas temperature alone. 

I would like to mention that the effect of heat storage in the volume 
of flue gas in the superheater is very small compared with the storage 
effect of the iron masses. It seems to me that it can therefore be safely 
neglected. Also, the transport time of the flue gases through the super¬ 
heater is so small that it can be neglected. For these reasons the time 
behaviour of the steam temperature should be the same whether one 
changes flue gas temperature or flue gas flow. Both changes will in¬ 
fluence the rate of heat transfer without any noticeable time lag. 


W. Kindermann, in reply 

The heat flow from the flue gases which has an influence on the steam 
temperature, is the product of the heat transfer coefficient and the 
difference between the flue gas temperature and the tube wall tempera¬ 
ture. The relation of the heat transfer coefficient, that is flue gas flow/ 
heat flow, is therefore different from the relation of flue gas tempera¬ 
ture/heat flow. Furthermore, the dynaihic behaviour of the steam 
temperature in response to a flue gas temperature variation—as op¬ 
posed to a variation in the heat transfer coefficient—^is independent of 
the flow conditions. 

Therefore, separate consideration should be given to the effects of 
the flue gas temperature and of the flue gas flow—the two components 
of a variation in the flue gas damper position. 


R. Quack, Germany 

From a consideration of the thermodynamic efficiency of the whole 
process, water injection into the reheater is not recommended except 
in an emergency. 

By using feedforward signals from the furnace fuel and air inputs 
and the steam flow, it is possible to obtain better results than those 
obtained from theoretical studies with feedback control alone. It would 
seem then, that this part of the paper is more a question of academic 
research. 


W. Kindermann, in reply 

The nine cases of qualitative results naturally represent just a part of 
possible controller circuits on an intermediate superheater. On the 
basis of the thermodynamic efficiency losses, continuous running water 
iryection in the intermediate superheater is to be avoided, even if plants 
do exist with continuous flow minimum injection (Case VIII) which 
operate quite satisfactorily. 

The examples VI and VII show how an emergency injection at the 
intermediate superheat inlet will influence adversely the control result, 

J. Grauvogel, Electricite de France, 24, Boulevard de la Libdration, 

Saint-Denis (Seine), France 

(1) Mr. Kindermann’s paper shows that theoretical studies with ana¬ 
logue computers can help to define the control system of a process 
such as a boiler and also to take account of controllability in the design 
of the boiler itself. My first question is: how were the staff who per¬ 
formed this study organized, and in particular, how was the job divided 
between the builder of the boiler, the builder of the control system, 
and the future user of the boiler? 

(2) Is it possible to take account of the contents of the flue gas 
(excess air ratio, percentage of volatile components in the fuel) in the 
analogue simulation? This content disturbs the rate of flow and the 
temperature of the flue gas, and also the shape of the flame, and alters 
the amount of heat delivered to the reheater by radiation and convec¬ 
tion. Is it also possible to take into account any dirtiness of the reheater 
tube walls ? 

(3) Are real tests performed on the system itself after installation, 
and how do these results agree with the predetermined results? 


W. Kindermann, in reply 

(1) The incentives for system investigation are in most cases the high 
quality of temperature control required by the plant management. 
Whilst the static values such as tube dimensions, specific heat, heat 
transfer faetprs, etc. are determmed by the boiler manufacturer, for 
the partial superheater sections, the control system supplier has 
determined, in the past, the dynamic behaviour of the controlled 
process and the system’s controllability. 

(2) It is possible to consider the static and dynamic feehaviour of 
the excess air ratio, and humidity in fuel, with respect to the three 
parameters, steam inlet temperature, steam flow and flue gas tempera¬ 
ture, as far as these are known. 

The influence of the amount of cinder is taken into account when 
determining the static values of the superheater. 

(3) A comparison between the design and the measured response 
of an intermediate superheater is shown in Figure B. The design 
transfer function for a step variation of the inlet temperature is given 
in the lower diagram. It is of seventh order with a transport lag of 
1*88 sec. The measured results are shown in the upper diagram. The 
transient response of the inlet and output temperatures to a variation 
of the injection water flow was recorded and simulated on an analogue 
computer. The identifying values of the transfer functions Fj,, 
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were taken from the simulated time elements of the' computer. The 
quotient of both transfer functions 



determined by the analogue computer gives the transient response of 
tlie superheater to a step variation of the inlet temperature. The 
theoretical design ratio of TuITg deviates by only about 5 per cent 
ffom the measured value. For other comparisons on different super¬ 
heaters, this deviation becomes, in extreme cases, as much as 15 per 
cent. In some cases the static data of the superheater design differed 
by more than 20 per cent. 


A. SchSne, Farbenfabriken Bayer 509Leverkusen^ Am Kiesberg23 

The differential equations, from which the frequency response given 
in Figure 1 is developed, are not given in the paper. Therefore the 
question arises: has the author taken the frequency responses from 
the literature or has he developed them himself? If so, there are two 
further questions: 

( 1 ) Does the author use a distributed or a lumped parameter model ? 

( 2 ) Eqn (2) gives a definition of the frequency response of outlet 
temperature changes versus inlet flow changes. Such relationships 
generally are non-linear. The linearization technique, for example, is 


d(MS)_ ^ dM 
dt ^dr^dt 


From this equation the linearized expression 


^ dd dM 


immediately follows, with the average values Mq and instead of the 
original time-dependent values. 


W. Kindermann, in reply 

The differential equations are obtained for a tube of circular cross 
section, conducting steam and heated by flue gas externally. The 


a:— y plane lays perpendicular to the tube axis, the Z-axis is the tube 
axis. 

In an ideal case the problem is treated one-dimensionally, with the 
designation of: 

steam temperature (z, /) (/ = time) 
flue gas temperature (z, t) 
tube wall temperature ^3 (z, t) 

For the tube under consideration the following parameters are 
constant: 


specific heat of 1,3 — Cj, C 3 

density of 1,3 — yi, ^3 

inner tube circumference Ui — — ^ 

outer tube circumference Ua = nday ^ W — d^) 

heat transfer coefficient 

The whole superheater is divided into a number of tube sections in such 
a manner that the above conditions are approximately valid for each 
tube section. 

The first differential equation is obtained from the heat balance 
of a steam section of finite length Az, giving by using the factor a 


-.-O’ 

where = heat transfer coefficient at speed ^0 

m = Nusselt’s exponent with C = z// 
where 1^0 = speed in rest condition 
/ — length of tube 
the equation 


in which 




( 1 ) 


The second differential equation follows from the heat balance at the 
tube wall section—a hollow cylinder—of length ^Iz 
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+ ( 2 ) 

where 

_ la[°lUi 
" ^oCzy.Fz 


using the assumption that there is no heat flow in the z-axis direction. 
From eqns (1) and (2) the following transfer function Ffj, is obtained 
for a steam flow variation except for when -^2 = constant 


(O.t) = 0 


This equation (3) has to be solved. 

Under zero conditions, for ^2 ^ constant we get from eqns (1) 
and (2) 

0=61 -5‘3°>)+62 (9^2°’ - ) 

this gives 

3i"’(0=S2+(Si°HO)-d2) e" 

in which 

^ abz 


9‘=^&q+(A&)q 




The transfer function calculation uses a relationship ir 1 + ^ which 


when expanded gives 


(S'- 


l-t-mA+... 


Using these factors gives 


^+(l+A)^=(l + mA)a(93-i»i)+0[2^J 


^=(l+mA)6i(Si-S3)+fc2{S2-S3)+0[A"] 

From this is obtained 

aQ(O) 

- [(1 - m) p+fc, + ^2 (1 - m)] Aoe-’* ^+0 [A^] (3) 


For the non-homogeneous solution 


it follows that 


c=^(sr(0)-S2) 


(1—m)p+fei+(l —m)f>2 
p^-(l/X)pH-(a + bi + fe2)P 


To obtain A (0, r) ^ 0 the appropriate homogeneous solution has 
to be added. 


^d,(C,T) = C 


e 




[p+« 


P+bi -1 ^ 
p + bi+b2j ^ 


from this we obtain 


^9(t) ” 

b[^\0)-&2ii-m)p+b^+(i-m)bz 1 i/j, 

p+(l/X)-t-(fl + + i>2) P ** 

where 

r j. P +!>2 -1 

jF3,=e~i-^ “p+fti+fcz] (5) 
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Summary 

With a view to economical operation of a boiler plant, it is strongly 
d^ired to hold the boiler efficiency at a maximum value, despite 
changes in steam consumption, quality of fuel, and leakage of air, etc. 

Since the boiler efficiency is maximized by the fuel consumption 
under constant steam pressure control, the excess air ratio is optimized 
to minimize the fuel consumption. 

The peak-holding method contrived by Draper and Li is first 
adopted as a method of optimalizing control. It is modified after 
various discussions on the practical problems, i.e., the elimination of 
noise superimposed on the fuel flow and the dynamic effects of the con¬ 
trol system and disturbance of the steam flow. The experiment is car¬ 
ried out using a once-through boiler and the results of the.analysis of 
the system are found to be in good agreement with those of the experi¬ 
ment. Moreover, a general design principle is mentioned for the opti¬ 
malizing control system of the boiler efficiency. 

Sommaire 

En vue du fonctionnement 6conomique d’unfc centrale k vapeur, il est 
hautement souhaitable de maintenir le rendement des chaudidres k une 
valeur maximale, en d6pit des variations de la consommation de 
vapeur, de la qualit6 du combustible, des fuites d’air, etc. 

Puisque le rendement des chaudi^res est maximalist par le dtbit de 
bombustib e k pression de vapeur constante, on optimalise le rapport 
d excts d’air pour minimaliser le dtbit de combustible. 

On adopte d’abord la mtthode du «peak-hoIding» imaginte par 
Draper et Li, comme mtthode de commanc e optimale. On la modifie 
aprts diverses considerations d’ordre pratique, portant notamment sur 
le probltme de rtlimination du «bruit» qui se superpose au dtbit de 
combustib e, et sur celui des effets dynamiques du systtme de comman- 
de et des perturbations du dtbit de vapeur. L’exptrimentation porte 
sur une chauditre k circulation directe et les rtsultats de I’analyse 
montrent un bon accord avec I’exptrience. Enfin, on expose un prin- 
cipe gtntral de conception en vue d’optimaUser le systtme de rtglage 
du rendement de la chauditre. 


Zusammenfassiing 

Zur wirtschaftlichen Betriebsweise eines Kesselhauses ist es sehr wfin- 
schenswert, den Kesselwirkungsgrad trotz Anderungen im Dampf- 
verbrauch, Brennstoflfgute, Falschluft usw. dauemd auf einem Maxi- 
malwert zu halten. 

Da der maximale Kesselwirkungsgrad dutch den minimalen Brenn- 
stoflfverbrauch bei gleichbleibendem Dampfdruck bestimmt ist, wird 
das LiifttiberschuBverhftltnis optimiert, um den Brennstoflfverbrauch 
mdglichst gering zu halten. 

Zunachst wird das von Draper und Li erdachte Verfahren, den 
Spitzenwert zu halten (peak-holding) zur Optimalwertregelung heran- 
gezogen. Ausgehend von praktischen Problemen, wie der Ausschal- 
tung des dem Brennstoffstrom iiberlagerten Rauschens und der dyna- 
inischen Effekte der Regelung sowie der Stdrungen im Dampfstrom, 
erfolgte eine Anderung dieser Methode. Die an einem Einzugkessel 
durchgefu^ten Versuchsergebnisse stimmen gut nut den Ergebnissen 
der analytischen Untersuchung des Systems ttberein. Daruber hinaus 
wd ein allgemeines'Entwurfsprinzip fur die Optimalwertregelung des 
Kesselwirkungsgrades erwUhnt. 


Introduction 

It is strongly desired to operate a boiler plant economically, 
that is, to hold the boiler efficiency always at a maximum value 
despite natural changes in steam consumption, quality of fuel, 
and leakage of air, etc. 

Economically, it is therefore very important to develop 
practicable control methods and simple controllers for boiler 
plant operation. These will also help to solve engineering 
problems, that is, they will make the performance of the boiler 
effidency clearer and yield much valuable data for the better 
design of boiler plants. In fact, an optimalizing control of the 
boiler efficiency has not yet been carried out in this country or 
abroad, because of the poor accuracy of the measuring devices, 
the complexity of the optimalizing controller and the lack of 
adequate control methods. In this laboratory, various methods 
of optimalizmg control, which can be applied to the boiler 
efficiency and also to any efficiency or profit in engineering 
systems, have been studied generally, especially in their theoretical 
aspect. As an application of this research, the optimalizing 
control of the boiler efficiency is picked up and a realistic control 
method and its controller is being developed. 

In this paper, the excess air ratio is optimized so as to 
minimize the fuel consumption, on the basis that the boiler 
efficiency is maximized by the minimization of the fuel con¬ 
sumption under the constant controlled steam pressure. 

The peak-holding method contrived by Draper and LF is 
first adopted as a method of optimalizing control. It is modified 
after various discussions on the practical problems, i.e., the 
elimination of noise superimposed on the fuel flow, the dynamic 
effects of the control system and the effect of the disturbance of 
steam consumption on the control action. The experiment is 
carried out using a once-through boiler and the results of the 
experiment are compared with those of the analysis of the 
control system. In addition, a general design principle is men¬ 
tioned for the optimalizing control system of the boiler efficiency. 

Definition of Boiler Efficiency and an Optimalizing Control Method 
Boiler Efficiency 

Boiler efficiency is defined as follows: 

100 per cent 

Boiler efficiency is defined as the ratio of the heat absorption 
by water to the calorific value of fuel, and in close relation with 
the conditions of combustion in the furnace. There is an optimum 
value for the amount of air supplied for combustion, and the 
boiler efficiency is maximum at this optimum value of the air. 
The empirical values for this are available in terms of excess 
air ratio for various kinds of fuel, but in practice they are not 
constant but change more or less acxxjrding to the method of 
combustion, quality of the fuel, fuel consumption, etc. 
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Thus, in order to hold the boiler efficiency always at a 
maximum value, the amount of the supply air should be con¬ 
trolled so as to adhere constantly to the optimum value. 

Control Method 

As clearly seen from the equation of definition, the maximum 
efficiency can be obtained by minimization of fuel consumption 
provided the steam pressure and steam consiunption are 
constant. A boiler has usually an automatic combustion control 
system and the fuel flow is controlled so as to keep the steam 
pressure at a specified constant value despite natural changes 
in steam consumption and other disturbances. In this system, 
if the air flow is changed, the conditions of combustion are 
changed and the fuel flow is then controlled to maintain a 
constant steam pressure. Therefore, by measuring the variation 
of fuel flow due to the intentional change in air flow, and by 
always adjusting the air flow so as to make the fuel flow a 
minimum, the ideal can be attained. 

This method is illustrated by Figure 7, where the optimalizing 
controller is incorporated into the conventional steam pressure 
control system, and controls the air flow so as to keep the fuel 
flow always at the minimum value. Figure 2 is a typical form of 
optimalizing control system. Here, the convex curve shows that 
the fuel flow has a minimum value at a certain value of air flow. 
As an input from the optimalizing controller to the boiler control 
system, the excess air ratio instead of the air flow is being used. 

Up to now, various methods of control for the optimalizing 
system shown in Figure 2 have been investigated by several 
researchers. In this paper, a control scheme of peak-holding 
type is adopted. 

Peak-holding Method 

In the practical system, the extreme value of the optimalizing 
system is usually not fixed, but moves with changes in load 
condition or environment. It is here assumed that the moving 
speed of the extreme value is considerably slower compared 



Figure 1 


Qg Qw 



Figure 2 


with the searching speed for the extreme value by the opti¬ 
malizing controller. 

Figure 3 shows a typical performance of optimalizing 
control of peak-holding type. For simplicity of explanation, the 
d 3 mamic lags of the system are neglected. For the input fM with 
constant speed as shown in Figure the output of the 
system, Q/, passes the minimum value at the time instant 1 and 
increases thereafter. If the peak-holding circuit is so designed 
as to follow the output exactly when the output is decreasing, 
but holds to the minimum value after the minimum is passed 
and the output starts to increase, then there will be a difference 



AQf between the output fi/min of this peak-holding circuit and 
the output Qf itself after the time instant 1, as shown in Figure 5(c). 
When this difference AQf amounts to an assigned allowable 
value, denoted by c in Figure 3 (c), at the instant 2, the direction 
of the input drive is reversed, while keeping the driving speed 
the same as before. At the same time, the signal resetting circuit 
is triggered and then the output Q/min of the peak-holding 
circuit is reset to the present output Qf of the system. After the 
instant 2, the output decreases again, and increases after passing 
the minimum value. As before, at the time instant 4, when the 
difference amounts to the allowable value, the direction of input 
drive is again reversed. Thus, the output Qf oscillates around 
the extreme value with constant period. The period of the 
output variation is called the hunting period The period is 
half that of the input variation. The extreme variation A q and Ai 
of the output and input are called the hunting zone of the 
output and input respectively, and the difference between the 
minimum value and average value of the output is called the 
hunting loss H [Figure 3 (6)]. For the case where the dynamic 
lags of the system are taken into account, the detailed results 
of the analysis are given by Fujii®, ^ 
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Characteristics of tiie Control System for Bofler Efficiency 
Outline of Boiler Details and its Controllers 

The test boiler used in the experiment is a once-through 
boiler with steam separator. The principal items of the boiler 
are given in Table 1, and the layout of this boUer and controllers 


Table 1. Principal items of test boiler 


Type 

Once-through boiler with steam separator 

Capacity 

6kglcm\ saturated temp,, 300 kgfh 

Fuel 

Town gas 

Combustion 

Burner type with air mixed internally and 

system 

externally 

Draught system 

Suction draught 


Dimension 

in.jout diam. 

length 

heating area 


mm. 

m. 

m^ 

Economizer and 

19-4/25-4 

484 

3*4 

evaporator 

3M/38-1 

44-8 

4-8 

Steam separator 

250/264 

M2 

— 


B shown in Figured. In particular, an excess air ratio controller 
is installed, and it is possible to change automatically the excess 
air ratio by electrical signal or manually. 

Town gas was the fuel used in this experiment, and the 
results of the analysis show that the lower calorific heat Hi is 
3,200 kcal/nm® and the ideal air flow iot. is 3-3 nmVnm® fuel. 


Static Characteristics of Boiler Efficiency 

Figure 5 shows the measured values of the boiler efficiency 
at various operational conditions of the test boiler. It is found 
that the value of excess air ratio producing the maximum 
efficiency is varied with change in the load, i.e., the steam con¬ 
sumption. In Figure 6 the same data are plotted with the corre¬ 
sponding fuel flow as ordinate. As seen, the maximum efficienQr 
corresponds to minimum fuel flow provided the steam pressure 
stays constant. 

Overall Characteristics of Boiler Control System 

Since the transfer function of the boiler proper is usually 
dependent on the operating condition, a standard operating con¬ 
dition is selected as follows: 

Po=4kg/cm^G Q„=125kg/h e,=90kg/h 

The subsequent experiments of optimalizing control are carried 
out around this condition. An overall block diagram of the boiler 
control system is shown in Figure 7^, ^Hf and v (/) + (t) 

represent the characteristics of the heat input through hating 
surface with respect to the fuel flow and the excess air ratio, 
respectively. It is found from the experiment that the dimen¬ 
sionless value iHf is nearly equal to 1. Since the value of is 

zero when the small deviation from the extreme value is con¬ 
sidered, account must be taken of the secondary small deviation 
of V, This is the term of (t). In general, the time constants of 

the economizer are far larger than those of the evaporator. 
Therefore, the effects of the economizer on the response of the 
system can be neglected. In addition, the response time of the 
excess air ratio controller is considerably shorter than that of 
the boiler proper. Consequently, the boiler control system of 
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Figure 6 


Figure 7 is also converted into the typical form of optimalizing 
control system, as shown in Figure 8. 

According to the subsequent results of experiments, it is 
found necessary to include a filter in measuring the fuel flow, 
since a great deal of noise is included in the fuel flow. This filter 
is represented as Gfii in Figure 8. is the transfer function of 
the fuel flow measuring device. Thus, the overall transfer 
function of the output linear group in the system becomes 
* ^fii* The transfer functions and the values of ^ — Qf 
characteristics under the standard condition of operation are 
given as follows: 

Qj.=11-5 (/j-M)*+24-0 (nin=>/h) (1) 

0-019 s+0-00096 

^0 - ^4 ^ 0.83 ^ 0-17 +0-019 s+0-00096 ^ 



(3) 


^«'“807+T 

Direct calculation of the optimalizing control action by use of 
these transfer functions is difficult, and therefore the combined 
transfer functions are approximated by a second order lag 
system as follows: 

Go'G„- Gfii=s n (14 s+n 


Figure 9 shows the comparison between the transient response 
of eqn (5) and that of the real boiler control system. It is found 
from this that the approximate expression agrees fairly well 
with the results of the experiment. 


Experimental Results and Discussions on the Efficiency Control 

Practical Problems and their Counterplans 

Effect of Noise on the Control Action and its Counterplan —^As 
shown in the subsequent figures, noise superimposed on the 


Sieam 

pressure 

controller 


Control 

valve 


Once-through boile r 
r Time lac 


T ime lag o f heat transmission,! 
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fuel flow disturbs the optimalizing control action. To avoid it, 
the following three counterplans can be considered. 

(1) The value of allowable difference is chosen so as not to 
be disturbed by the noise. 

This method avoids the frequent switching action of the 
input by the noise interference, but it is undesirable since the 
hunting loss of the resulting output becomes larger. 

(2) A filter to eliminate the noise is added to the fuel flow 
measuring device. The noise can be almost eliminated by such 


Effect of Dyncanic Lags on the Control Action and its Coun¬ 
terplan —^When the fuel flow passes the minimum value and the 
difference between its maximum value and actual value amounts 
to the allowable difference, the direction of input drive is then 
reversed. The response of fuel flow, however, cannot follow the 
input immediately but continues to increase as before, owing to 
the dynamic lags of the system. Once a direction of the input fz 
is reversed, the difference is reset to zero, but since the response 
of fuel flow continues to increase, the value of fuel flow at that 



Figure 8 

Gi^l 

kpf (1 + Tg/ s) 

„ _ Tj, + T,S) (1 + T^'S) 

I j_ ^!Pf (1 + T^f s) 

(1 + T^fs) 

a-__ (1 + 2/ j) _ 

1 j_^3)/*1^3»/(l + TjifS) 

1 

G E' — rx 

^ Qf = *0*-/^)* + fi/« 

^ _ 1 ^ ^ 

“* 1 ^ s measuring device) 

G^3 = (Feedwater flow controller) 

a filter, but if the filter itself needs to have a large time constant, 
the hunting loss of the output increases in general because the 
time lag of the control system including the filter is much larger 
than that of the control system without it. Figure 10 shows a 
control behaviour for the case where a simple filter of first order 
time (rffl = 80 sec) is used. Although the fuel flow is being 
v^ed largely, the regular control action is being carried out 
without the interference of noise. 

(3) Generation of noise is suppressed substantially. In order 
to decrease the amplitude of noise, one may take a small value 
of JEj,;. or a large value of T^f of the pressure controller. Since 
this counteiplan can be made at the expense of the pressure 
conteol which is the master control of the boiler plant, the 
decision must be made only after considering the overall balance 
of the steam power plant. 




Bgure 10 
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time instant is held again as a minimum value. Once the differ¬ 
ence amounts to the allowable difference, the reversal of the 
input direction occurs. Thus, there is sometimes the case where 
the fuel flow continues to increase until it attains its saturation, 
without returning to the desired value. With larger drive speed 
of the input, this phenomenon is apt to occur since the dynamic 
lag of the fuel flow becomes larger. 

In order to avoid the above phenomenon, the following 
counterplan is considered. 

(4) For a certain duration of time after the direction of the 
input drive is reversed, the peak-holding circuit is so modified 
for its output not to hold a minimum value but follow the 
actual fuel flow. 

By such modification, even if the fuel flow overshoots after 
the direction of ^ is reversed, the difference is not produced and 
therefore undesired reversals of fi cannot occur. 

Figure 11 shows the case where the waiting time of 30 sec 
is assigned and a filter is added to the fuel flow measuring 
device. In Figure 10, the waiting time is 60 sec. It is shown that 
even when the fuel flow response has a fairly large overshoot, 
the action of reversal is not being disturbed. In Figure 10, the 
response of the output of the filter, steam pressure and tem¬ 
perature of economizer at 24*3 m from the inlet of boiler are 
simultaneously given. 

As will be described below, this counterplan is also effective 
to cope with the change in steam flow. 

The Control Behaviour for the Disturbance of Steam Flow — 
Figure 12 shows the control behaviour for a step change of the 
steam flow as a disturbance. The first half of the figure shows 
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the increasing response of fuel flow when the steam flow is 
increased, and the latter half shows the response in the opposite 
direction. 

The condition that the fuel flow is increased by the disturbance 
of the steam flow is similar to the aforementioned case where 
the fuel flow overshoots as the direction of jii is reversed. 
In this case, counterplan (4) acts eflfectively and frequent 
reversals can be avoided in tiie transient response of fuel flow. 
Thus, after the transient dies out, can be set to its new optimum 
value by the optimalmng controller. 

Inversely, from the performance principle of the optimaliz¬ 
ing control, the reversal of input direction does not occur in the 
case where the fuel flow is decreased by the disturbance of the 
steam flow. 

Effects of Input Drive Speed N and Allowable Difference c on the 
Control Performance 

In the optimalizing control system with a controller of 
peak-holding type modified by taking account of counterplans (2) 
and (4), the characteristic values of the optimalizing control ac¬ 
tion for different values of the allowable difference, c, and 
input drive speed, N, are now determined. 

Effect of c—Figure 13 shows the experimental results of 
input hunting zone hunting period 7^, and average value 
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of /“> A*av> for different values of c with constant input drive 
speed: N = 0-09 l/min. 

It is clearly seen that as c decreases, At decreases and thus H 
also decreases. For the case where c < 0-1, the stable and re gular 
control action cannot be performed by the noise interference. 
Accordingly, it may be concluded that an optimum value of c 
IS O'l nm®/h for this boiler system. This value corresponds to 
twice fte standard deviation Of . a, of the output of the filter. 

o/A^—Figure J4 shows the experimental results for 
different values of N with c = 0-1 nm®/h. It is found that as N 
decreases, H decreases, since the dynamic lag of the system 
corresponding to N decreases. 

Con^arison between Experimented and Theoretical Results 

The transfer function of boiler system, G# • Gf„ • Gfn, and 
the chMacteristic constant, k, are given by eqns (5) and (1), 
respectively. Using these values, the characteristic values of the 
optimalizing control for different values of c and Af can be 
calculated*. 

The full line in Figures 13 and 14 gives the theoretical results 
of AtzndH. It is found that the values of Af are in good agree- 
ment with the experimental ones. 

As a result, the minimum hunting loss H has the foUowing 
value: 

if=0-15nm®/h 

In this experiment, the minimum value of fuel flow is 24 nm®/h 
and thus the hunting loss is below 1 per cent. 

It is found that the hunting loss evaluated in boiler efiiciency 
IS also below 1 per cent, according to the equation of definition 
mentioned previously, and it seems to be a satisfactorily small 
value. 

^eral Remark on the Design Method of a Boiler EEGciency 
Control System 

The optimalizing control action by a modified peak-holding 
method is fuUy determined if the aUowable difference c, input 
dnve speed N, and the form of a filter to be added are given, and 
me chara^eristics of the controlled system are approximately 
known. Figure 15 gives a design procedure. 

Conclusions 



stant pressure control, the excess air ratio has been optimized 
so as to minimize the fuel consumption. 

In this system, several counterplans have been proposed and 
examined against the undesirable effect of noise superimposed 
on the fuel flow and dynamic lags of the control system on the 
optimalizing control action. 

An optimalizing controller has been constructed in ac¬ 
cordance with the improved peak-holding method, and has been 
successfully applied to the boiler efficiency control of a once- 
through boiler. 

As a result, the stable control action was satisfactorily per¬ 
formed for a variation of steam consumption. Furthermore, the 
dynamic characteristics of the overall control system were 
analysed, and the results were found to be in good agreement 
with those of the experiment. 


From the fact that the maximization of boiler efficiency is 
equivalent to the minimization of fuel consumption under con- 



N (l/mln) 

Figure 14 



Experimental 

values 

-Theoretical 

curve 


This optimalizing controller seems to be of value as a kind 
of tester which checks automatically whether or not the present 
ratio control system works weU, for the variation of air leakage 
and non-linearity of control valves and measuring devices in the 
system. 

In addition, a general remark on the design principle of this 
control tj^ was pr^ented, but the practical design method has 
not been included since completeness would exceed space limita- 
tions. 

The authors wish to express their gratitude to Prof. Dr. T. Ya¬ 
mamoto^ Prof. Dr, T. Ito and the members of Automatic Control 
Laboratory of Nagoya University for their invaluable criticisms 
and favours. 

Nomenclature 

a — Aijl Amplitude of the variation of fi 
c Allowable difference (mn®/h) 

(7fii Transfer function of filter 

Oi Transfer function of the input group of the controlled system 
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Gm Transfer function of the flow measuring device 
<jQ Transfer function of the output group of the controlled 
system 

H Hunting loss of fuel flow rate (nm^/h) 

Hi Lower calorific value of fuel (kcal/nm® or kcal/kg) 
xHf =(SRI6Qf),-(QfJRo) 

=((5i?/dA^)o*0uoW 

=(l/2)(d«W)o-Wi?o) 

Ii Enthalpy of feedwater (kcal/kg) 

/a Enthalpy of steam (kcal/kg) 

I" Enthalpy of saturated vapour (kcal/kg) 

r Enthalpy of saturated liquid (kcal/kg) 

/to Enthalpy of feedwater (kcal/kg) 

k Characteristic constant of the controlled system 

kg = k/^\IQfo = — Dimensionless characteristic con¬ 

stant of the controlled system 
Kpa Proportional sensitivity of air flow controller 
kpa * Kpa Loop gain of air flow control system 
Kpf Proportional sensitivity of pressure controller 
kpf Dimensionless gain constant = fuel flow rate/pressure 
deviation 

Lam Dead time of air flow measuring device (sec) 

Irov Ideal air flow (nm®/nm® fuel) 

N = AilTh* Drive speed of the input fi 
P Steam pressure (kg/cm* G) 

Qa Air flow rate (nm®/h) 

Qf Fuel consumption (kcal/nm® or kcal/kg) 

Qf • fii Output of the filter (nm®/h) 

Qf • min Output of the peak-holding circuit (nm^/h) 
fis Steam flow rate (kg/h) 

Qw Feedwater flow rate (kg/h) 

^Qf =Qf — fi/min (nm»/h) 

R Average heat through heating surface (kcal/h-m) 

s Operator of Laplace transformation 

Ta Time constant of economizer (sec) 

Ta Time constant of air fle w control valve (sec) 

Tam Time constant of air flow measuring device (sec) 

Tj^ Time constant of boiler (sec) 


Time constant in the furnace of economizer (sec) 

Tp' Time constant in the furnace of evaporator (sec) 

Tf Time constant of fuel flow control valve (sec) 

Tfii Time constant of filter (sec) 

Tfm Time constant of fuel flow measuring device (sec) 

Th Hunting period of the output Qf (min) 

Tp Time constant of tube wall of economizer (sec) 

Tpa Reset time of air flow controller (sec) 

Tpf Reset time of pressure controller (sec) 

/ Time 

X Dryness of steam leaving evaporator 

Y Setting voltage of excess air ratio 

Ai Hunting zone of the input fi 

A^ Hunting zone of the output Qf (nm®/h) 

Boiler efficiency 
fi Excess air ratio 

/tav Average value of excess air ratio 

Standard deviation of the output of the filter (nm®/h) 

The suffix 0 denotes the value of the standard equilibrium 
condition. The following small letters denote the dimen¬ 
sionless small deviation from the standard values: 
p, steam pressure; air flow rate; fuel flow rate; 
^fm, output of fuel flow measuring device; steam flow 
rate; qw, feedwater flow rate; r, heat trough heating 
surface per imit length of tube; y, setting voltage of excess 
air ratio; v, excess air ratio. 
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DISCUSSION 


F. P. DE MellO and L. K. Kirchmayer, General Electric Company, 

Schenectady 5, N.Y., U.S.A. 

The authors have undertaken a thorough investigation of the feasibility 
and requirements of an optimalizing or peak-holding scheme for 
improving boiler efficiency. This investigation has important value in 
pointing out the various problems such as noise and process dynamic 
lags which affect the application of extremal adaptation optimalizing 
schemes. 

Figure 6 indicates that the fuel consumption versus fuel-to-air 
ratio curves are fairly flat over a wide range. It would appear that 
a preprogrammed fuel-to-air ratio as function of fuel or load would 
give practically optimum operating results, holding the fuel-to-air 
ratio very close to the theoretical optimum. Figures 10, 11 and 12 
show that under the action of the optimalizing controller, the fuel-to- 
air ratio oscillates within a fairly wide band. Have the authors deter¬ 
mined if, in actual practice, the optimalizing controller would give 
improved economy over a preprogranuned control? 

It is important to note that for large-scale utility boilers such large 
excursions in fuel-to-air ratio as illustrated in this paper are not 
allowable due to the hazard of a catastrophic explosion. For this 
same reason one would not in general reduce the fuel-to-air ratio 
below a certain value which is usually above the optimum efficiency 
point. 


Two other questions are: 

(1) Have the authors obtained any data concerning the improve¬ 
ment in operating economy to be obtained in an actual installation 
of an optimalizing control compared to conventional control? 

(2) Have the authors applied any of the techniques described here 
to large-scale electric utility boilers? 

S, Fujn, in reply 

Figure 6 shows the fuel consumption versus fuel-to-air ratio curves 
which were obtained at a certain time from our boiler plant. It is 
difficult, in practice, to find the complete static characteristics. In 
addition, in this figure it is not shown how the static characteristics 
would be changed by the variation in the quality of the fuel, in the 
amount of air leakage and from time to time by variations in the 
equipment, for example in the boiler and controllers. 

Therefore, on the basis of Figure 6 alone it is optimistic to say 
that the fuel-to-air ratio can be preprogrammed as a function of fuel 
or load. As Mr. Kirchmayer pointed out in Figures 10, 11 and 12, 
in this boiler the fuel-to-air ratio changes over a fairly wide range 
under small load conditions, although the hunting loss in the fuel 
consumption remains below 1 per cent. In other words, owing to the 
action of the optimalizing controllers, the fuel consumption versus 
fhel-to-air ratio curves have been found to be fairly flat over a wide 
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range, without knowledge of the static characteristics of Figure 6, 
Therefore, the optimalizing controller seems to be of value for checking 
automatically whether or not the present ratio control system works 
well under the variation of air leakage and the non-linearity of control 
valves and measuring devices in the system. Next, in order to avoid 
the risk of a catastrophic explosion and to exclude the region where 
the boiler efficiency is clearly worse than in the past operations, the 
fuel-to-air ratio should be confined between upper and lower limits in 
practice, and the optimum value of the fuel-to-air ratio should be 
sought within that region. It is possible to modify the optimalizing 
controller described here so that it searches for the optimum value 
within this limited region. 

The conventional method yields a controller which gives optimum 
combustion efficiency while our method gives optimum boiler effi¬ 
ciency, that is optimum efficiency of both combustion and heating. 
The comparison between the two methods can only be made after 
our method has been applied to various types of boilers for consider¬ 
able time. We have never applied this method to large-scale electric 
utility boilers, but we are not preparing to apply it to such boilers. 

In conclusion, we wish to emphasize that the optimalizing con¬ 
troller works to search out positively the optimum value of the fuel- 
to-air ratio under the present conditions, despite any disturbances 
affecting the boiler efficiency. 

J. A. Roberts, Central Electricity Generating Board, Central Electricity 
Research Laboratories, Leatherhead, Surrey, England 

The following comments and questions are made because we are 
attempting to apply experimentally, automatic optimization to the 
combustion control of very large pulverized-fuel boilers. 

The author’s application is simpler because, inter alia, 

(a) the once-through boiler lacks the thermal-storage and circula¬ 
tion effects encountered in the dynamics of drum-type boilers, 

(lb) there was no superheat, and so no interaction between combus¬ 
tion conditions and superheat temperatme, 

(c) the fuel (gas) has constant calorific value, and its flow can be 
measured readily. Direct heat input can be measured and a major 
source of disturbance (calorific value fluctuation) is eliminated. 

We were therefore disappointed that the author’s hunting loss 
(1 per cent) was as large as that predicted from our experiments on 
coal-fired plant, even when we accept calorific value variation as an 
unknown disturbance. 

May we therefore pose the questions: 

(1) It seems likely that the disturbance to fuel flow arose from 
fluctuations in steam demand via a conventional combustion control 
system. Is this so ? If so, it seems possible that an index of performance 
based on the ratio of steam-flow to fiiel-flow (allowing for lags) would 
show less noise than that based on fuel-flow alone, and hence show 
a better performance. Do the authors agree? 

(2) The filter used was a simple lag. Do the authors consider such 
a filter a practical optimum? 

(3) Was anything learned from the physical experiment which 
could not have been obtained in a simulated system? 

, (4) In a fully optimized power system, a knowledge of the acceptable 
disturbance spectrum of the self-optimizdng boilers would enable the 
power demand spectrum to be apportioned rationally. Have the 
authors any experimental evidence on the variation of hunting loss 
with frequency of disturbance of fuel and steam flow ? 

S. FUJU, in reply 

We wish to answer Mr. Roberts’s questions (1), (2) and (4) together. 
We have been studying how the hunting loss in the fuel consumption 
is altered by using various types of filter under different types and 
frequencies of disturbances. Up to now, we have found one interesting 


result; that the hunting loss in the case where the noise is included 
in the fuel flow rate is smaller than that in the case where the noise 
is filtered out by the use of a filter. We can therefore give no definite 
answer. 

In reply to question (3), we have obtained the characteristics of 
an actual plant including the dynamics, for fuel consumption versus 
excess air ratio. These facts are taken into account in the simulation 
of the system. 

As you pointed out, it seems likely that the disturbances to fuel 
flow arose mainly from fluctuations in steam demand , via a conven¬ 
tional combustion control system. If the dynamic lag between steam 
flow and fuel-flow is absent and its controller is not complicated, the 
results obtained when the index of performance is based on the ratio 
of steam-flow to fuel-flow should show less noise. 

The frequency of hunting must be, in general, larger than that of 
the disturbances, e.g. those in the calorific valve, quality of fuel and 
steam demand. 


T. Stein, Escher fVyss, ZUrich, Switzerland 

The laboratory experiments reported in the paper are a fundamental 
contribution to the automation of power plants. For complete on-line 
optimizing computer control of power station units, comprising boiler 
and turbine, a great number of position elements must be controlled. 
With individual optimalizing control of efficiency for each boiler 
a large part of the centralized control devices may be eliminated and 
the optimalizing control equipment for the whole power station 
substantially simplified. 

It is a tendency in Europe, where we have smaller power units than 
in the U.S.A., to subdivide the control actions of a power station into 
function groups. This will help to facilitate the introduction of auto¬ 
matic control. The method given in the paper is an important contribu¬ 
tion in this direction. 

The tests treated in the paper have been made with a gas-fired 
boiler. The fuel-flow rate can easily be measured for gas. But in 
many cases the gas-fuel must be used in those quantities which a**e 
available and other fuels must be added to produce at any instant the 
quantity of steam needed by the turbines. Therefore, a boiler burning 
in addition fuel-oil or coal will often be necessary. It will, therefore, 
operate simultaneously with two different fuels. 

Some time ago I proposed a hill-climbing control, optimizing 
the excess air ratio, by measuring the flue gas losses^ This can be 
done by measuring the temperature and the CO 2 and CO contents of 
the flue gases. Increasing the excess m ratio improves the combustion, 
thus reducing the CO loss. But on the other hand the flue gas loss, 
measured by the CO 2 content and the temperature, increases. For 
a medium excess air-ratio the loss will be a minimum and consequently 
the boiler efficiency will be optimum. 

By measuring th^e three variables and computing the flue-gas 
loss, an optimalizing controller similar to that in Figure 1 of the 
paper will have a similar optimizing result to the controller using 
the gas-flow measuring device. It may therefore be possible to have 
an optimizing control of boiler efficiency for boilers burning more 
than one fuel. 

In any case it would be of great interest to know whether the 
optimizing method tested in the automatic control Laboratory of 
Nagoya University will soon be applied practically in a power station. 

Reference 

^ Stein, T. Regelung and Ausgleich in Dampfanlagen, 1926. Berlin. 

Springer. Russian Edition 1931, Moscow. 

S. Fujn, in reply 

When a boiler is to be operated simultaneously with two different 
fuels, such as fuel-oil and fuel-gas, a two-input system must be 
considered. Hence if the control method described here is to be 
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adopted, each input must be controUed separately in order to get 
the optimum value determined as a function of the two inputs. 

Also Mr. Stein’s controller maximizes the efficiency of combustion 
whereas our controller maximizes the boiler efficiency, which com¬ 
prises both the efficiency of combustion and of heating. 

A. Reznyakov, National Committee, Kalanchevskaja 15a, Moscow 
U.S,S.R, 

The optimal excess air ratio for the burning process is practically 
constant for every method of combustion in large-scale fuels and heat 
loads. So for instance in our experience, burning different kinds of 
pulverized coals (in the range of hard and soft), the optimal excess 
air ratio is 20 per cent. 

What is the reason for applying self-adjusting system of automatic 
scan for stimulating the optimal excess air ratio? It may be more 
economical to give the digital data for it and apply a more simple 
system of automatic control for stabilizing this ratio. In the case of 
a vMiable boiler load we can precalculate terminal values of the 
optimal excess air ratio by curves connecting boiler efficiency with 
excess air ratio, which is the same in practice foi similar kinds of 
fuel. 

Nowadays power stations using pulverized fuel are dominant. 
Do the authors consider it possible and reasonable to apply the same 
principle for optimization of boiler efficiency working on pulverized 
coal? 

S. Fujn, in reply 

In principle, unless there is an adequate device for the measurement 
of pulverized coal rate, the method described here cannot be applied 
for the optimization of boiler efficiency working on pulverized coal. 


H. Frank, T,H, Stuttgart, Institutfur Dampfkesselwesen, 7 Stuttgart S 

Boklingerstr. 72^ Germany 

(1) The authors dealt with a town gas heated boiler. If an extension 
of their method should be made to coal or oil fired boilers it is in 
most cases not sufficient to look only at the efficiency of the plant. 
There are such aspects as for example smoke, that are also to be taken 
into account. I, therefore, will ask the authors whether they see a 
possibility to make a check on, for example, the density of smoke 
(measuring absorption or CO) and to stop diminishing the excess 
air ratio as soon as this reaches a given value*. Is the given optimization 
strategy then still applicable? 

(2) During the presentation of the paper, the author described a 
cross correlation method. In using this method, what amplitudes 
would be necessary for getting a significant result ? Because of the very 
flat minimum I think that comparatively large amplitudes have to be 
applied, so that the optimization process has to be paid for with 
considerably large deviations from the optimal point. 

(3) During the discussion the author mentioned the advantage 
of the filtering process encountered in the optimization. This filtering 
process is not essential for the optimization. It also could be applied 
without any optimization. 

S. Fujii, in reply 

We did not see any possibility of making a check on the density of 
smoke; however, the optimalizing controller is still applicable by 
modifying it a little. 

In answer to the second question, we are now using a simulator 
in order to decide the best value of the amplitude and frequency 
of the test signal and of the time constant of filter and the gain constant 
of the control loop. 


Mr. LXubli, Sulzer, Switzerland 

The paper is very interesting, in particular the experimental results 
published. The proposed method does not realize the optimum but a 
state which is away from the optimum by the distance H, corresponding 
to the hunting loss 

If fr is determined in this way from given in Figure 10, one gets 

H 0-7 nm’/h. The theoretical values given by Figure 13 and 14 are 
considerably smaller. 

The boiler investigated has efficiency and excess air ratios far 
different from values realized in modern boilers. It is supposed that 
the authors do not use the notion 

excessair ratio =^!^2t[£Slive_ > j 

Airiheoretical 

but 

excess air ratio n = — Airtheoi»ticai 

, . ^ Airtheoretical 

p being between 0*77... F39 

For modern large boilers p ranges between 0-05 and 0-25, so being 
substantially smaller than the values investigated by the authors. 
By using such small values there is of course the danger of producing 
losses by unbumt matter. 

It should not be overlooked that the oscillation created by the 
optimizing system could produce resonance effects in some sub-loops 
of the boiler control system. 

S. Finn, in reply 

We got the hunting loss Qm on the top record in Figure 10, as the 
average value from a lot of experimental data. We use the ratio of 
air effective to air theoretical as the excess air ratio in this paper. 


A. Buratti, do Fignone Sud, Bari, Italy 

I think this work is important because it gives results found on a real 
plant. Although the authors give a mathematical model of their 
system this does not enter into the conclusions. 

The authors have found that under a constant load, a constant 
fuel composition, and with the boiler they used, the loss in efficiency 
due to hunting is of the order of 0*8 per cent. Would this figure be 
considered wholly satisfactory by large boiler users ? 

The authors have shown that with the controller adjustments they 
used, the recovery curve, following a relatively small step disturbance 
in the steam flow rate, is good. It would be interesting to know how 
the system behaves with a continuous disturbance applied to it. 
Perhaps the authors have carried out further experiments on their 
system and might be able to illustrate this point. 

In the beginning of their paper, the authors mentioned the poor 
accuracy of measuring devices. Accuracy is a combination of various 
factors such as reproducibility, ambient temperature sensitivity 
linearity, hysteresis and backlash. 

When the input of the extremum controller comes from a single 
hansducer, the only one of the aforementioned factors that matters 
is backlash. This, in practice, can be quite negligible. If, however, the 
input of the controller is a function of various signals coming from 
different transducers, not only backlash, but also other factors 
affecting accuracy become important and the measured peak might 
be quite far from the true peak. This means, for instance, that it is 
not possible to use the ratio between steam and fuel flow ratios as 
input to the extremum controller. It is also not possible to use the 
controller if the boiler is fixed with two fuels at a time, of 
course, one fuel flow is held constant. 

S. Fum, in reply 

We are not satisfied with the hunting loss of 1 per cent. As to how 
the system behaves with a continuous disturbance, we are now 
studymg it by the use of a simulator. 
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Simulator for Steam Turbines with Reheat or Automatically 

Controlled Extraction 

H.-J. EH LING 


Summary 

An analogue computer for simulation of reheat and extraction steam 
pressu^re controUed turbines is described. The computer is used ta 
manirfi^turing control and development of turbine governors; it con- 
t^s 30 amphflem and is capable of performing in seven main oSr- 
ational modes. Inputs are the positions of steam valves, obtained 

be“S simulated, but 

us^ as a real part of the control loop. The computer calculates the 

provides a corresponding 
dnve for the mechanical speed control device. 

Imdling and control was of utmost importance. Usual patch¬ 
board techmquM for analogue computers are elements of the internal 
corntrucUon; the normal functions of adjustment and control can be 
performed by switches mounted at the operator’s panel. Transient 
m^um spe^. produced by steplike load changes, are determined 
and stability of complex steam-turbine servo-loops can be tested. 

Sommaire 

4a“?Josue pour repr6senter les turbines 
; r diffSrentes construcUons, en particuUer les turbines avec 
surchauffe mterm^diaire et soutirage; ce simulateur est install^ sur 
rae plateforae d;^i pour le r^glage de turbines. II se compose 
d environ 30 amphfioatenrs de calcul et permet 7 montages principaux. 
Commeentr6es on utilise les positions des soupapes 4 vapeur qui sont 
manoet^ par les moteurs de r6glage rfels. La quantity de vapeur 
prodmte et le moment d’acca&ation sont calculfe, et d’aprte cek 
de mesure du nombre de tours 6galement rfels, 
i L attache une importance toute sp&iale 4 la fad- 

commande. La technique hgbituelle des 

fiche» des cdcdateurs analogiquesa4t4maintenue4rint6rieur.Toute- 
fois la manipulation normale de I’appareil, y compris le choix du 
genre de service, lecontrdleet I’diuilibrage du potentiomfetre, est pos- 
de boutons-poussoirs. Le simulateur permet, et plus 
du r6glage, de faire des essais 
relatife 4 la f^n dont s’arrSte la turbine 4 rt^er en 4valuant les sur- 
vitess^ en v6rifiant la stability et en contrOlant la facility de la syn- 
chromsation. La construction du simulateur et les ch4mas fonctionnels 
qui ont servi de base, font I’objet d’une description. 


tens auch Versuche Uber das Abschaltverhalten der zu regelnden 
tJberdrehzahlen, StabilitStsunterauchun- 
|en und die ftufimg der Synchronisierbarkeit durchzuftthren. Der 


Introduction 

For some ttae an analogue computer has been employed in 
a test stand for automatic control equipment used in the opwa- 
tion of ^eam turbines. This computer enables the controlled 
plant me set of turbines with those auxiliary devices which 
^ve a b^mg on the control system dynamics—to be simulated, 

us making it possible to test the operation of the control 
equipment m a closed loop. Figure 1 shows the real and the 
Simulated parts of the control system. 

The reasons for installing a quite substantial computer in 
a test stand where turbine controllers are subjected to final 
che^g can be summed up as follows: demands on automatic 
TOntroIs are steadily being stepped up and control loops are 
becoming more and more complex, thus increasing the difiScul- 
hes of the theoretical treatment of many rather obscure non- 
Imeanhes. 

Wherever possible, the system has been thoroughly investi- 
^ted by m^ of linear control theory and the describing func¬ 
tion method; furthermore, a consid^nble amount of analogue 
TOmputer calculations has been carried out for special applies- 
hons, mcluding controller simulation. No doubt the outcome of 
these stuihes proved to be of considerable interest, particularly in 
res^t of the investigations into which of the influences are 
rralty i^ortant. However, the result was not sufSdent for 
estabh^g full confidence in analogues of mechanical-hydraulic 
controllers. Besides, owing to the lengthy preparations required 


^ Nachbildung von DampfturbinMi verschiedener 
D von Turbinen mit ZwischenUberhitzung und 

^tn^^ Wird ^hrieben; der Simulator findet in einem P^eld 

^ HauptschaltungsmSglichkeiten auszu- 
fflhren. Als Eingange *enen die Dampfventilstenungen, die von den 
vor^^nen Regelventils abgegriffen werdfen; der 
Simulator terechnet die Dampfleistung und das Beschleunigungs- 
moment und steuftrt a . . ,.. « . 


Real 

equipment 


a —I ucs gicicMails vorhandenen 

DrchzaWmeUwerkM. Besonderer Wert wurde auf leichte Bedienbar- 
keit und KontrolUerbarkeit des Cerates gelegt. Die bei Analoc- 
whn^ ablich®n Steckverbindungen wurden intern beibebalten. Je- 
wh '*! Bedienung des Cerates, wie Auswahl der Be- 

^ Potentiometerabgleich, mittels Drucktasten 
mdghch. Der Simulator gestattet neben der Priifung des Reglerverhal- 


-1 Hydraulic 

I I controller 

I Angular-velocity 
rrwasuring element 
drive motor 


Regulating elemenls for 
steam valves 




Simulator 


Turbine model 


Armature curreni,controlled Sionais 

•ecording to acc«(.ralion wC{^i5o1^?ng"’ 

Figure I. Turbine model—overall arrangement 
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for obtaining sufficiently true simulations with a universal 
analogue computer, this type of calculation was limited to 
sample applications, intended especially for gaining general 
information. 

In any case, these investigations have proved that the 
simplifications necessary for setting up the analogue, are more 
straightforward for the controlled plant than for the controller 
itself. An obvious solution to the problem was to simulate only 
the controlled plant and to connect it to the controller or 
governor which was present on the test stand for final checking. 
This arrangement provides a better and more orderly under¬ 
standing of the behaviour of the entire control loop. 

However, it appeared somewhat doubtful whether it would 
be possible to adapt the working habits of the group of staff 
trained in the use of the analogue computer to the conditions 
prevailing in the test stand, manned with lower grade production 
personnel. Work with the analogue computer requires the 
utmost concentration, and conditions in a rather noisy turbine 
test stand are not at all favourable in this respect. At least seven 
different kinds of turbines had to be simulated, involving up 
to 30 parameters. The setting of such a large number of values 
cannot be accepted as correct without checking some parts 
of the analogue. For this purpose circuits have to be discon¬ 
nected and if this is done by unplugging various connecting 
wires, it can easily happen that reconnecting is neglected or 
carried out incorrectly. Furthermore, it must be possible to 
adjust the analogue to suit modifications of the arrangement 
which may become necessary either because of technical progress 
or increased experience. Bearing all these circumstances in mind, 
a solution was found which combines maximum flexibility with 
greatest ease of operation, with respect to the choice of the most 
suitable kind of simulation and also to carrying out the required 
tests. In the following, the theoretical principles of the simulator 
are briefly examined. 

Analogues for Condensation Turbines 

For the purpose of these deliberations it is sufficient to 
imagine the controller, which is present as a real unit, to be 


represented as part of the block diagram (Figure 2 ‘real equip¬ 
ment*), while the remainder of the control loop must be studied 
more closely (see Figure 2). 

Figure 2 shows, beginning with the summing point on the 
left-hand side, the conversion of the deviation, transmitted by 
the angular-speed controller, into the angle of rotation oc of the 
actuator for the steam valves. The relationship between this 
angle and the rate of steam flow is given by the regulating valve 
flow characteristic. Regarding variations in the live steam 
pressure and the back pressure, it can be said that, for calcula¬ 
tions of control dynamics, only the upstream pressure of the 
steam has to be taken into account, while the influence of the 
back pressure, which one expects in accordance with the law 
governing the flow of steam through plug-type valves, is of no 
importance in connection with condensation turbines. Con¬ 
sequently, the rate of steam flow is proportional with sufficient 
accuracy, on the one hand, to the steam pressure on the upstream 
side of the valve, and on the other hand to a flow coefficient ij/ 
which depends entirely on the design of the valve. The steam 
flow through the valve, multiplied by an eflFective heat drop, 
gives the mechanical potential available on the turbine shaft. 
Further investigations proved that a variation of the heat 
drop by throttling, as long as the valves were partly open, had 
only a very sli^it influence on the transfer function of a step 
change in the load, which is of the greatest interest for the 
present investigations, and for this variable too a constant 
factor was therefore assumed. The resulting steam energy, 
however, is correct for static conditions only, and will vary with 
the rate of steam flow if a time lag is involved, which can be 
approximately described by an exponential function with the 
so-called steam time constant. The transient wave-type power 
input is split up into a speed-dependent part carrying the pay 
load and losses, and a surplus responsible for the acceleration 
of the turbine, indicated in the figure by the symbol Nb. The 
torque is determined by dividing the surplus, Afe, by the angular 
velocity of the rotor movement. Since the speed changes pro¬ 
duced by the control action are insignificant in comparison with 
the design speed, the division can be substituted by a simple 
series approximation resulting in the system diagram shown 



Rotor inertia Correction of angular velocity 

Figure 2, System diagram for condensation turbine 
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in Figure 2. The angular velocity is derived, by integration, 
from the torque, and with this the control loop is closed 
Such an arrangement is sufficient for a turbine not con- 
nected to the distribution network. Of particular interest are 
load reductions when the power which had been converted into 
payload is suddenly available for no other purpose but the 
a^leration of the rotor. A load reduction is simulated as 
ollows. first the pay load from the turbine is fed steadily into 
the power output sununing station; then this flow is reduced by 
an amount corr^ponding to the intended load drop, thus 
producing the desired step-up in the acceleration power. 

The part of the system diagram describing the relationship 
between power and angular velocity is valid also for complex 
types of turbme and in this section of the diagram is located the 
transition from ffie results of the simulator calculations to the 
turbine speed which is already mechanically represented The 
torque is calculated in the simulator and fed into the drive of the 
angular-velocity measuring element. The inertia of the measuring 
element and of the drive effects the integration resulting in the 
M^ar velocity. The torque control is provided with a special 
leeaback for the correction by angular velocity. 

The following discussions regarding the simulator need 
go no further than the calculation of the acceleration power. 

Ttirbines with Reheat 

ngure 3 shows that section of the steam flow diagram referred 
to m this IMper. Between the high pressure and the medium 
pressure turbme is a further steam control valve which may be 
fully o^n when the actual load is above 30 per cent of the design 
load, but must be modulated towards the closing position for 
sinaller loads, and fully closed for very small loads. The reheater 
IS between this valve and the outlet of the high pressure turbine. 

It IS of impo^ice for the dynamics of the control system that 
greater steam storage capacity than that 
of the turbme housings. The position of the reheater in the 
boiler requires that it receives, at any time, the so-called mini¬ 
mum rate of steam flow. Therefore, it must be connected to the 
ive steai^me and to the condenser by pipes by-passing the 
turbines, “ne steam flow through these pipes is controUed by 
so-called high pressure and medium pressure reducing sets. 


which consist of regulating valves preceded by stop valves After 
ffie medium pressure reducing station there is a restriction the 
^et pressure of which is proportional to the amount of steam 
flowing to the condenser. The back pressure produced in this 
W IS used for a control which does not allow ffie steam flow to 
the condenser to exceed a predetermined maximum. The high 
pressme reducing station opens when ffie live steam pressure 
sh^fly exceeds the set desired value. As long as the turbine 
load IS at least equivalent to the minimum rate of steam genera¬ 
tion (referred to as ‘load limit’), ffie medium pressure reducing 
s a ion IS fully dosed and the medium pressure control valve fully 
open. The criterion for the control of the medium pressure reduc- 
mg station IS ffie pressure in the reheater, ffie desired value of 
which, at ffie stated load limit, must be slightly above ffie step- 
dOTO pr«sure developing in these conditions between the high 
Md medium pressure turbines. However, above this limit load 
ffiestep-down pressure increases in proportion to the rate of steam 
flow, m accordance with ffie laws of physics, and this would cause 
the meffium pressme reducing valve to open again, contrary to 
what IS intmded, if the desired value were fixed. For this reason 
the desir^ v^ue must be varied depending on the load. This 
relaftonship is mdicated in Figures by ffie block ‘load slide*. 
It shows above ffie limit load an increase in proportion to ffie 
load, always slightly higher than the naturally developing 
reheater pressure but constant at small loads. The ‘load slide’ 
(andogue of ffie load regulation loop) which determines the 
desir^ v^ue for the reheater pressure is operated by oil pressure 
impulses from the control mechanism of the tachometer, which 
pressure, under stationary conditions, can be considered as a 
measure of the set load. The power consumption of the medium 
pre^e turbine does not depend merely on the position of the 
medium pressure control valve, since ffie reheater pressure, which 
wries within a ratio of 1:3, is of a decisive influence. It was, 
therefor^ necessary to include analogues of the reheater 
and of both reducing stations in the simulator set-up. The 
resulting system diagram is shown in Figure 4. The steam power 
consumption of the high pressure and of the medium pressure 
timbme Me added up in the summing point on ffie right-hand 
side, and ffie pay load and idling load, are deducted. A step 
chan^ m ffie load can be simulated by varying ffie pay load, 
ihe high pressure power consumption is calculated in ffie same 
way as for ffie condensation turbine; ffie steam rate of flow is 
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Figure S, Arrangement of a turbine with reheater 
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Structure of 
blocks'F' 




MP Medium pressure 
R/ Reducing station 
VS Precontrolted safety valve 
RH Reheater 
G Steam flows 
P Pressures 

^ Flow coefficients, ijr * P/6 


Figure 4, System diagram of the simulator for a turbine with reheater 


measured, transmitted as a flow characteristic and immediately 
introduced into the quantity balance for the reh^ter, which is 
discussed later. The power consumption of the medium pressure 
turbine is calculated from the steam rate of flow through the 
control valve, delayed by the steam content of the medium 
pressure turbine housing and fed into the power consumption 
summing point. Owing to the variations in the reheater pressure, 
this steam flow has to be calculated as the product of the reheater 
pressure and a flow coefficient ij/ for the medium pressure control 
valve; ^ and this can be found from the steady-state values of 
reheater pressure and steam flow, which can be found from the 
basic turbine data. For the purpose of the present inv^tigations 
it is sufficient to describe the behaviour of the steam in the 
reheater by a kind of idealized gas law, according to which the 
steam pressure is directly proportional to the weight of steam 
present in the reheater and to its temperature. The weight of 
steam is obtained by integration of the algebraic sums of all 
inlet and outlet quantities of steam in the sumraiig point and 
the following integrator in the centre of Figure 4. Theoretical 
studies have proved that it is quite in order to assume that the 
reheater temperature is constant. Consequently, the integrator 
output gives the reheater pressure. 

The block diagram in the top right-hand comer of Figure 4 
was chosen for the steam quantity fed in froni the hi^ pressxire 
reducing station. For a load drop, which is the only condition 
of interest for the purpose of this paper, the steam consumption 
of the high pressure turbine is throttled and, consequently, the 
live steam pressure increases to such an extent that the propor¬ 
tional band of the high pressure reducing controller is immedi¬ 
ately exceeded so that the regulating valve opens at maximum 
speed. During approximately 1 min, the boiler generates the 
same amount of steam as before, and it is therefore sufficient, 


when the steam flow through the high pressure turbine is 
throttled, to transmit to the reducing station an opening impulse 
which is the result of a comparison between the quantity of 
steam generated by the boiler and the quantity consumed by the 
high pressure turbine. This impulse, integrated by means of a 
limited proportional element, determines the position of the 
high pressure reducing valve. The integrator is provided with 
limitation with a view to simulate the limited flow area of the 
reducing station valve. This system diagram is repeated for the 
simulation of the medium pressure reducing station and pre¬ 
controlled safety valves which, in the event of greater pressure 
increases, are opened in order to relieve the medium pressure 
reducing stations; the adjustment is such that even a small 
deviation from the desired value causes the valves to open at 
limited speeds. Contrary to the high pressure reducing station, 
medium pressure reducing stations and precontrolled safety 
valves are subjected to a strongly fluctuating pressure (reheater 
pressure), so that the calculated valve positions—proportional 
to the appropriate flow coefficients—have to be multiplied by 
the reheater pressure in order to obtain the steam rates of flow. 
In the case of the medium pressure reducing station, owing to the 
quantity limit control, a limited proportional element has to be 
provided, which is required to limit the rate of steam flow to the 
condenser. The opening impulse for the medium pressure 
reducing station and the precontrolled safety valves is produced 
by the difference between the desired and the actual value of the 
reheater pressure, modified by safety margins varying according 
to the application. The load-dependent desired value is deter¬ 
mined by the ‘load slide’ (— analogue of the load regulation 
loop), which is illustrated in the top portion of Figure 4. The 
function of the ‘load slide’ corresponds essentially to the 
dynamics of the opening reducing stations. 
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and accordingly determines the acceleration for the drive of the 
angular-velocity measuring element. The turbine controller, 
which is real, closes the control loop, since the positions of the 
steam valves are measured on their regulating motors and fed 
into the simulator. Up to 30 potentiometers on the simulator 
have to be set, in order to produce an analogue for one special 
turbine plant. A great number of lockouts and checking possi¬ 
bilities contribute to reliability and ease of operation of the 
simulator. 

Owing to the difficulty of carrying out large-scale measure¬ 
ments under working conditions, it was decided to limit the 
checking of the results obtained from the simulator to the 


safety limits when switching off loads (the overspeed that 
arises if the load is reduced) and to the smallest permissible 
offset (corresponding to the maximum admissible control 
loop gain). The uncertainties of various constants and the 
simplifying omissions in the simulated system are responsible 
for errors of approximately 1 per cent of the design angular- 
velocity, when determining the speed increase following load 
reductions. Satisfactory stability in actual operation is obtained 
at 1*4 times the stability limit resulting from the model run 
(corresponding to 70 per cent of the critical loop gain). Errors 
in the relationship between steam flow and power consumption 
are sufficiently compensated by this safety margin. 


DISCUSSION 


R. Starkermann, Brown Boveri Co, Ltd,, Baden, Switzerland 

(1) In the model, is the fact taken into account that the transfer func¬ 
tion of the turbine, i.e. the transfer function M: Torque (Figure 2 of 
the paper), takes principally two different forms: 

(fl) The transfer function after sudden load reduction when dis¬ 
connecting the generator from the network. 

(b) The transfer function after sudden load reduction with some 
load remaining, i.e. without disconnecting the generator from the 
network. 

Referring to Figure 2, should there be a potentiometer in the 


feedback signal line ‘correction of angular velocity’ to adjust for the 
factor A ? 

(2) When, under full load, the generator of a turbine is disconnected 
from the net, tests and calculations show the necessity of taking into 
account the amounts of steam energy left in the piping and turbines. 
An accurate calculation for a condensing turbine for example gave 
the following increases of speed after the load was shed (Ta = 10 sec): 




Figure A 
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Increase of speed before the valves closed 

Speed increase due to the steam in; 

(a) Valve bodies plus piping to the nozzles 

(b) Wheel chamber 

(c) Piping between HPT and MPT 

id) Piping between MPT and LPT 

(c) Extraction pipeline from turbine to non-return valve 
preheating V 
preheating IV 
preheating III -{- n -f i 


255.rev/min 

The question is; can all these influences (oHe) be taken together into 
one exponential function ‘steam content’, as in Figure 2 of the paper? 

(3) For a reheat turbine there are two different conditions for 
load-shedding tests; 

{a) Intercept valves fully open (load 30 per cent) 

(b) Intercept valves partially open (load 30 per cent) 

In case (b) the intercept valve offers a resistance to the steam flow, 
and the volume of the piping after the intercept valve gives rise to 
another time constant which must be allowed for when setting up 
tlie analogue computer. 

When neglecting the piping to the preheaters I would propose the 
block diagram Figure A. The figure does not include the by-pass 
system. The question is; is the approximation in Figure 4 of the paper 
accurate enough for a true analogue of the behaviour of a reheat 
turbine? 

(4) In Figures 5 and 7, why does the HP ‘inlet’ not have a ‘valve 
flow characteristic’ similar to that in Figure 21 Is the characteristic 
of the several valves in series considered to be sufficiently linear? 

(5) Due to the thermodynamic laws all events in a turbine are 
non-linear. From what standpoint do you adjust the potentiometers 
before a load-shedding test? {Figure £). 

(6) Is the setting of the live-steam temperature (by anology with 
the live steam pressure) of no importance? 

(7) Do you have test results from the analogue computer tests and 
from the actual turbine tests, so that this simulation can be evaluated? 



llOrev/min 

16rev/min 
16 rev/min 
72 rev/min 
16 rev/min 

9 rev/min 
7 rev/min 
9 rev/min 


taking Kr into consideration would be counterbalanced by the fact 
that, for the turbine connected to a large network, the mechanism 
described gives a rather poor model because a number of other and 
little known effects all add their small contributions. 

(2) The increase of speed before the valves closed does not result 
from the time delay device shown in Figure 2, but is computed from 
the overall set-up of the system. The other increases of speed given 
can, with sufficient accuracy, be summed to give the delay time con¬ 
stant. More detailed analysis shows that this is justified by the well- 
known method of approximating a number of small lags by a single 
lag with a larger time constant. 

(3) The model allows for the separate introduction of lags, one 
for every throttling valve. The proposed block diagram cannot be 
discussed in detail. I only wish to remark that some of the influences 
shown in the diagram, e.g. effects of back pressure and steam tempera- 
toe, were deliberately neglected, after having estimated the importance. 
On the other hand, some operations which Dipl.-Ing. Starkermann 
has introduced as linear ones are in the simulator replaced by more 
exact non-linear functions (for example multiplication function 
instead of simple summing operation). As to the accuracy, this is 
covered in the last section of the paper. 

(4) The HP valves are designed for a linear characteristic of 
stationary load output (which means that throttling losses should 
be compensated). Actual measurements carry a strong noise, which 
still allows a linear interpretation. But there is in fact a third function 
generator provided, which could be used for corrections if necessary. 

(5) The model is non-linear too. Variation of time constants, for 
example, is automatically done by the multiplicative elements used 
in the feedback of integrators. There are no load-dependent parameter 
settings in the range of the desired approximation and the value of 
settings is obtained straight from the design data. 

(6) Influence of live steam pressure can never be verified from the 
normally obtained information about load-shedding performance. 

It could be taken care of by a different setting of the heat drop during 
the load-shedding and the temperatures can be assumed constant. 

(7) We do have comparative results from turbine tests; see the 
last section of the paper. It is, incidentally, uncertain whetlier or not 
for the small and unsystematic deviations, the inaccuracy of parameter 
determination or the dynamical approximations must be blamed. 

B. Peyraud, Electriciti de France, 26, Boulevard de la Liberation, 

St. Denis (Seine), France 

The study presented by Mr. Ehling is very impoitant for optimizing 
the operation of steam turbine control systems and gives a new and 
very eflScient method. 

Does the author think that it would be possible to adapt the 
analogue computer for the study of the increase in speed during load¬ 
shedding; particularly those parts of this increase due to; 

{a) The expansion of the residual steam retained in the turbine 
housing and connections. 

(A) The energy coming from water in the reheaters on the assump¬ 
tion that there are no non-return valves protecting the turbine. 


H.-J. Ehling, in reply 

(1) The first question deals with the fact that the load is dependent on 
the frequency. At the moment no means have been provided to 
simulate this, because we feel that this effect could be neglected for 
sufficiently low residual loads, but the model could easily be changed 
by introducing a feedback from the angular velocity to the load sum¬ 
ming point. A load change would have to be produced by a change in 
Kr, which could be switched from one. value to another to produce 
a step change. However, when switching the load down to a 5 per cent 
level, Kr will be approximately equal to 0-1, which is fairly small in 
comparison with the gain of the parallel turbine controller branch, 
the latter ranges from about 14 to about 25. The small advantage of 


H.-J. Ehlino, in reply 

It is certainly possible to study the influence of steam content in turbine 
bodies on the resulting maximum speed after a load shut off. This 
could be easily achieyed by comparative runs with different lag para- 
meters. Also eventually, by slight changes in the computer set up, the 
quoted contributions to the speed maximum could be made dir^tly 
observable. 

The influence of the water content of preheaters (uncontrolled 
steam extractions in later turbine stages, which are fed back to the 
turbine after passing the preheater) has not been taken into separate 
account in the present model. This would appear in the overall lag 
coefficient of the MP or LP turbine. But as the model is set up by 
means of a patchboard, necessary modifications could be made. 
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Summary 


The flexibility, fast response, and complex logic capabilities of solid 
state electronics have permitted substantial improvements in control 
philosophies. Combining theseelectronic advantages with high-pressure 
hydraulic actuation to obtain rapid valve response forms the basis for 
the Electro-Hydraulic Control System for Reheat Turbines. 

The proposed control has substantial advantages over conventional 
systems. Considerable progress has been made in reducing the over¬ 
speed on loss of fiill load. Appreciable improvements in turbine load 
output linearity, stability, and resolution in response to changes in 
assigned load setting have been made. Such complex operations as 
transferring steam admission from full arc to partial arc operation are 
performed automatically. 

This paper describes the concepts and operation of the proposed 
control system and the manner in which undesirable multi-variable 
interactions have been reduced to a minimum. The most recent 
starting and operating philosophies of large, high-pressure, high- 
temperature steam turbine generators have been used as guiding 
principles, 

Sommaire 

Les possibilit6s ofifertes par les 616ments ^lectroniques k semi-con- 
ducteurs, notamment leur souplesse d’utilisation, leur rapidity de 
r6ponse et les fonctions logiques complexes quMls permettent de 
r^aliser, ont rendu possible d’importants perfectionnements en matidre 
de r6glage. C’est en ime combinaison de ces 616ments avec des servo- 
moteurs hydrauliques k haute pression que consiste le syst^me de 
r6glage 61ectro-hydraulique pour turbines k r6chauffage qui sera 
dtoit dans cette communication. 

Ce syst^me prdsente des avantages marques par rapport atix 
systtoes conventionnels. Des progr^ importants ont pu 6tre r6eMs6s 
dans la reduction de la survitesse consdcutive k une reduction de la 
pleine charge. Des ameliorations sensibles ont 6t6 apport^s aux per¬ 
formances de fonctionnement des turbines: linearite, stabilite et 
increments de la puissance de sortie en fonction de variations de la 
consigne de puissance. Des operations aussi complexes que le passage 
de Tadmission de la vapeur du fonctionnement peripherique total 
au fonctionnement peripherique partiel ont pu etre rendues compiete- 
ment automatiques. 

On decrit la conception du systeme de reglage propose et son 
mode d’action; on montre comment les interactions indesirables des 
variables multiples ont pu 6tre reduites k un minimum On s’est laisse 
guider pour cela par les plus recentes doctrines en matiere du demar- 
rage et de la marche normale relatives aux groupes turbogenerateurs 
de grandes dimensions, k haute pression et k haute temperature. 

Zusammenfassung 

Die AnpassungsfShi^eit, die hohe Ansprechgeschwindiglceit und die 
viekeitigen logischen FShigkeiten der Bauteile der Festkorperelek- 
tronik verbesserten die Anwendungsmdglichkeiten der Regelungs- 
technik betr&chtlich. Die Verbindung der Vorteile der elektronischen 
Bauteile mit den schnellwirkenden hydraulischen Hochdruck-An- 
trieben, um ein schnelles Ansprechen der Veiitile zu erreichen, bilden 
die Grundlage der elektrohydraulischen Regelungen fur Turbinen- 
systeme mit Nacherhitzung. 

Die hier vorgeschlagene Regelung hat gegeniiber den herkdmm- 
lichen Systemen betrfichtliche Vorteile: So stellt die Verminderung der 
Uberdrehzahl bei vblligem Lastabfall einen wesentlichen Fortschritt 


dar; ebenfalls lieBen sich die Linearitat, die Stabilitat und das Ober- 
gangsyerhalten der Leistungsabgabe der Turbinen bei Anderungen der 
zugeteilten Last verbessem. Die schwierigen Operationen, wie der 
tJbergang der Dampfzufuhr von der vdlligen zur partieDen Beauf- 
schlagung, werden automatisch ausgefuhrt. 

Der Aufsatz beschreibt den Aufbau und die Arbeitsweise des vor- 
geschlagenen Regelsystems und die Art, in welcher unerwiinschte 
gegenseitige Beeinflussungen von mehreren Variablen auf ein Mini¬ 
mum reduziert wurden. Die neuesten Erkenntnisse fur das Anfahren 
und den Betrieb groBer Hochdruck-Hochtemperatur-Dampfturbinen 
lagen hierbei zugrunde. 


Introduction 

The complications of the turbine control system and the boiler 
connected with the reheat turbine caused the electrical utility to 
use the less efficient straight condensing turbine for many years. 
Then, some 15 years ago, these obstacles were overcome. 
Mechanical hydraulic control systems were devised that would 
adequately control the reheat turbine, and with this technological 
breakthrough the efficiency of power generation by steam tur¬ 
bines increased substantially. Althougjh many improvements 
have taken place in these control systems over the past 5 years, 
the basic concepts still remain the same. 

Now it is found that the present reheat turbine controls can 
keep pace with turbine and electrical system advances only by 
accepting an increasing number of compromises. The larger 
turbine-generator units have increased in output power by a 
factor of 10 in the past 15 years, but their inertias have increased 
by only a factor of five. This decrease of inertia-to-torque ratio 
has resulted in the newer units accelerating substantially faster 
at sudden loss of load. In addition, more and more automatic 
control is needed to optimize the operation of these large power 
makers. Finally, electrical system requirements have become 
more strict. Interconnecting large sections, of power generating 
capacity throu^ tie-lines necessitates improved speed and power 
generating stability. All these requirements are taxing the present 
controls to the utmost. 

A new generation of controls for the reheat turbine are 
therefore needed to perform these tasks. Indications are that 
electro-hydraulic control system can meet these challenges, and 
also make vast control improvements. By introducing new con¬ 
trol philosophies that are made feasible by using electronic logicj 
the control system can perform many functions. This system 
will substantially reduce overspeed at a sudden loss of load, 
reduce variations in incremental regulation, perform difficult 
control functions automatically for the operator, and can be 
interlocked to reduce the possibility of gross operator errors. 
These features can be used profitably only if the reliability of 
the new control system is at least equal to the present mechanical 
control; thus only conservatively designed solid state electronics 
are used. 
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Basic Control Functions 
Normal Operation 

The main function of any turbine is to be a prime mover. 
Thus, it should normally operate in its most efficient mode of 
operation while still maintaining the necessary control required 
by the electrical system to which it is connected. To improve 
efficiency, the main steam is throttled through a set of four to 
eight sequentially operated control valves as is shown in 
Figure 1 (a). Each of these control valves admits steam through 
a different set of nozzle sections. Since these sections have been 
distributed around the periphery of the first stage, they divide 
the steam admission into arcs. If only a portion of the control 
valves are operating, steam is being admitted along a partial arc 
of the first stage rather than through all 360® of the circum¬ 
ference. This mode of operation is called ‘partial arc admission’. 

During the start-up process the thermal stresses caused by 
non-symmetrical heating can be reduced by symmetrically ad¬ 
mitting steam to all nozzle sections of the first stage. Turbine 
control up to a predetermined fraction of rated load is achieved 
by opening fully the control valves and controlling the steam 
flow by means of the stop valve. This mode of operation is 
called ‘full arc admission’. 

Controlling the thermal stresses in the heavy wall sections of 
a turbine is always of importance. One cause of thermal stresses 
can be controlled by restricting the magnitude of instantaneous 
steam flow changes that can be imposed on the turbine. This is 
achieved by limiting the rate of increase in speed during start-up^ 
and the rate of increase of load during loading. 

Turbine Protection 

Protection of the turbine against operation under dangerous 
conditions is of such importance that these protections must 
ultimately override any other control functions. Even though 
these devices must be absolutely foolproof, their interference 


with the normal operation of the turbine as a power maker must 
occur as infrequently as possible. 

Protection against overspeed is the most important, yet the 
most difficult protective function to perform. If a turbine has 
been running at full load (delivering maximum torque) and 
suddenly the electrical counter torque is removed from the 
generator, the speed of the rotor would reach the limit of safety 
within approximately one second if no protective action were 
taken. The steam flow from the main steam source as well as 
from the reheater must therefore be reduced to a ne^gible 
amount within a small fraction of a second. 

Two independent lines of defence against excessive speed are 
always provided. The first line consists of the normal speed 
control system operating the control valves and the intercept 
valves. The second line of defence comprises the overspeed trip 
system which closes the main and reheat stop valves on over- 
speeds in excess of 10 per cent of rated speed shutting the 
turbine down. 

Basic Arrangement of Conventional Systems 
Speed-load Reference 

All conventional systems^”^ have one feature in common, 
namely, that the speed reference signal for ‘off-the-line’ operation 
and the load reference signal for ‘on-the-line’ operation are one 
and the same signal. The block diagram of such a system may 
have the form shown in Figure 1 (6). 

The significance of the symbols used in Figure 1 (6) is shown 
in Table L 

The following peculiarities implied in the typical values 
listed in Table 1 should be noted. 

Because of the large time constant^ T^, for full arc admission 
operation (stop-valve controlling) it is necessary to increase S to 
about 0*2 (20 per cent) in order to obtain the same degree of 
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Table 1 


Symbol Description 

Typical value 

Q 

Relative speed reference 

Q = 1 at rated speed no 
load 

Q = 1 + A<5 at rated speed 
full load 

a 

Relative speed 

cf = 1 at rated speed 

s 

Speed error 

B = 0 at rated speed 
no load 

' 8 = A^ at rated speed 
full load 

3 

Regulation in imits 
(relative speed change from 
full load to no load referred 
to rated speed in ‘off-the- 
line’ operation) 

3 =0‘05 for partial arc 
admission (control 
valves controlling) 

3 = 0*2 for full arc admis¬ 
sion (stop valve con¬ 
trolling) 

s 

Laplace operator 

s = jet) 

Tx 

Speed relay time constant 
(pre-amplifier) 

Ji = 0*06 to 0*1 sec 

Ti 

Servo-motor time constant 
(power amplifier) 

Tt =0-15 to 0-25 sec 

Tz- 

Time constant of steam 
volumes between valves 
and turbine 

Tq = 0*05 to 0*2 sec for 

partial arc admission 
T^ = 0*3 to 0*5 sec for full 
arc admission 

K 

Slope of valve opening 
characteristic at no load 
rated speed compared to 
average slope 

K = 0*65 for partial arc 
admission, no load 
(1 at higher loads) 

K = 1 for full arc admis¬ 
sion 

Tr 

Reheater time constant 

Tr = 3 to 7 sec 

f 

Load on high pressure 
section referred to load on 
entire turbine 

/ = 0*4 to 0*6for partial arc 
admission at no load 
/ =0*25 to 0*3 for full 
arc admission at no 
load 

T 

Torque referred to full load 
torque 

T = 0 at no load 
= 1 at full load 

At 

Accelerating torque 

J T = 0 at steady state 
speed • 

Tz 

Characteristic time of 
turbine-generator 

= 5 to 12 sec 

X 

Actual load referred to full 
load 

A = 0 at no load 

A = 1 at full load 


speed control stability for synchronizing the unit to the line. 
After the unit has been put on the line the speed is substantially 


constant and the following relations between load and speed 
reference exist: . 

Aq^X5 

For full arc admission <5 = 0’2. 

If it is desired to pick up 20 per cent load (A = 0’2) the 
necessary change in reference would be 

d^=0*2-0.2=0*04 

A speed reference change of 4 per cent would be needed to pick 
up 20 per cent load. For partial arc admission 6 = 0-05. Picking 
up 20 per cent load (A = 0’2) would be accomplished by 

Jg=:0-2‘0.05=0-01 

A speed reference change of 1 per cent would pick up 20 per cent 
load. Therefore there would be a 4:1 scale change in q between 
full arc and partial arc admission. 

Even more difficulty is encountered when changing from full 
arc admission to partial arc admission at a given load (typical 
value 20 per cent load). On full arc admission at 20 per cent 
load the value e/S was 

s/(5==0.2 

Because of d = 0*2, the speed error e would have been e = 0*04. 
If the mode of operation is now switched to partial arc admission 
with 3 = 0-05, the value of e/3 would become 


This means that tjie load would increase from 20 per cent to 
80 per ^nt while switching from full arc admission to partial arc 
admission while the load should stay constant. The apparent 
diffii^ties described above have not been encountered in con¬ 
ventional system, because none of them has attempted to use 
the same speed error signal for both modes of operation. 
Whenever a speed control was present for full arc admission it 
was a^omplished by a separate speed control system^. In order 
to build a well-integrated system, it was the desire of the authors 
to accomplish the control in both modes of operation with one 
speed error signal. The ways used to solve this problem are 
described under the load control unit. 

Performance on Loss of Load 

Mechanical hydraulic systems with very good performance 
on loss of load have been built for relatively slow accelerating 
units (Wirz® = 9‘9sec; Eggenberger and Ipsen® == 6-8 sec). 
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However, when is reduced toward 5 sec it becomes increas¬ 
ingly difficult to close the turbine valves soon enough to keep 
the peak speed below 109 per cent of rated speed. 

Devices sensing an unbalance between power developed by 
the turbines and the load produced by the generator (see Hall 
and Atkinson^) have been used to reduce the lags of the controls 
when a condition of acceleration is present. Some of these 
devices by-pass the normal control devices entirely. The electrical 
system in the form subsequently described is suitable to obtain 
similar results through the normal control devices, whereby a 
smooth control is obtained. This feature is discussed in more 
detail later. 


Description of Electro-hydraulic Operating Control System 

The proposed electro-hydraulic operating control system has 
been organized into three major sub-systems. One purpose of 
these sub-systems is to minimize interactions. As is shown in 
Figure 2 (^z), the speed control unit compares actual turbine speed 
with the speed reference, and provides one speed error signal for 
the load control unit.* The load control unit combines the speed 
error signal with the load reference signal and biases to determine 
desired steam flow signals for the stop valves, control valves, 
and intercept valves. Finally the valve flow control units ac¬ 
curately position the appropriate valves to obtain the desired 
steam flows through the turbine. 

Speed Control Unit 

The purpose of the speed control unit is to produce the speed 
error signal that is determined by comparing the desired speed 
with the actual speed of the turbine. When the desired speed 
setting is increased, the speed reference generator limits the 


actual speed reference so as to accelerate the turbine at a pro¬ 
grammed rate until the actual speed has reached the desired 
speed setting. Decreases in desired speed reduce the actual speed 
reference instantaneously. During normal operation at rated 
speed the speed error signal is zero, regardless of load. Because 
of the extreme importance in safeguarding against overspeed, 
the speed control unit has two redundant channels. If both speed 
signals fail, the unit will shut down. 

Load Control Unit 

The prime purpose of the load control unit is to develop 
signals proportional to steam flow for the stop valves, control 
valves, and intercept valves. These outputs are based on a proper 
combination of the speed error, load reference signal possibly 
modified by high turbine accelerations and FA-PA transfer 
bias signals. 

In order to overcome the difficulty in transferring from full 
arc to partial arc operation described under the convention^ 
system, the regulation is now introduced to modify only the 
speed error signal and the input representing desired load is 
added after this point. A basic block diagram of the speed 
control loop of this system is shown in Figure 2 (b). 

Typical values for this system are shown in Table 2, Other 
values are the same as in Figure 1 (6). 

It can be seen now that the signal ql needed to produce a 
certain load at constant speed is independent of d. This means 
that the rated speed load will be the same for a given ql no 
matter whether one operates on full arc admission (on stop valves 
where one needs d = 0*2 in order to obtain stable speed control) 
or on partial arc admission (on control valves where one needs 
d = 0*05 by specification®). 

Therefore it is now possible to calibrate the load reference 
dial for in per cent of full load and maintain this calibration 



Figure 2(a), Operating control system elementary diagram 
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Figure 2(b). Block diagram of speed control loop for new electro-hydraulic control system 


Table! 


Symbol 

Description 

Typical value 

Qb 

Speed reference 

= 1 at rated speed, 
any load 

a 

Relative speed 

<y = 1 at rated speed 

e 

Speed error 

e = 0 at rated speed, 
any load 

d 

Regulation 

= 0*05 partial arc 
admission 
= 0*2 less full arc 
admission 

Ql 

Load reference 

Qx, = 0 at no load 
= 1 at full load 


Time constant of pilot 
control 

0*01 (sec) 

T^ 

Time constant of power 
servo motor 

0*1 (sec) 


no matter what the regulation 6 for any valve set is going to be. 
The basic arrangement of the entire load control unit is shown 
in Figure 3. 

The following features of operation of the load control unit 
become apparent. When the speed increases over rated speed, 
the negative speed error will decrease the flow signal of the 
controlling valves at a rate defined by the particular valve re¬ 
gulation. For example in partial arc operation, if the control 
valve regulation were 5 per cent, a 5 per cent speed error would 
cancel a 100 per cent load reference signal. This would result in 
reducing the control valve position from fully open to no load 
position. 

The calibrated load reference can be set either manually by 
the operator, remotely by jogging a switch, or automatically by 
a dispatchmg or computer system. Internal circuits limit sudden 
increases in load reference settings to a maximum adjustable 
rate, while decreases in load reference settings may occur in¬ 
stantaneously. Since the load reference is in effect a speed vernier 
adjustment, it is used for synchronizing the turbine. Biases are 
used to hold any non-controlling valves in wide open position. 

When transferring from full arc to partial arc operation, it is 
necess 2 uy first to remove the control valve opening bias and then 
to apply an opening bias to the stop valve. By progretmming the 
shiftincr of the transfer biases properly, both load variations and 
ses will be kept within acceptable limits. Although 
^rformed automatically at preset load levels, it is 
lor the operator to modify oi override the automatic 
transfer action. The bias to the intercept valve is proportioned 
so that on slow acceleration the intercept yalve will, in any mode 


of operation, start closing just after the controlling valve set has 
come to the closed position. When the generator looses the 
electrical load, it is necessary to close the control and inter¬ 
cept valves quickly to stop substantially the steam flow to the 
turbine. 

The power-load unbalance device senses the cause of high 
accelerations and initiates action to reduce peak overspeeds 
substantially below the trip point. By sensing stage pressure 
(power) and comparing it with generator: load^ a measure of 
unbalance or accelerating torque is obtained. Whenever the 
imbalance exceeds a threshold level, the modifier reduces the 
effective load reference signal. The result is to reduce steam 
flow to both turbine sections sharply and thereby limit the peak 
speed that results from loss of load. 

Valve Flow Control Units 

The purpose of the valve flow control units is to produce the 
steam flows that are commanded by the load control unit. Because 
of the appreciably non-linear steam flow characteristic of the 
steam valves, compensation circuits must be introduced to 
obtain linear steam flow response with respect to steam flow 
signal. This compensation can be achieved in three different 
ways: (d) by a function generator having reciprocal character¬ 
istics in die forward loop (series compensation); (h) by a function 
generator having similar characteristics as the valve in a sub-loop 
feedback (sub-loop feedback compensation); and (c) by a pro¬ 
portional feedback reaching around the non-linear steam valve 
(major loop feedback compensation). 

The stop valve flow control unit is shown in Figure 4. Linear¬ 
ity of the unit is obtained by series compensation. The unit also 
has a sharp electrical limit that can accurately limit the stop 
valve opening. The position loop is a standard configuration 
consisting of a servo amplifier, servo valve, ram, and position 
transducer feedback. The intercept valve flow control unit is 
similar to the stop valve unit except for fast closing character¬ 
istics. Since the intercept valves control the largest amount of 
steam energy during loss of load, it is necessary to close these 
valves as quickly as possible. By paralleling a low-flow linear 
servo valve with a fast-acting high-closing flow solenoid valve 
it is possible to position accurately and also to close rapidly the 
intercept valves. By using this technique the peak speed on loss 
of load can be held to approximately 106 per cent of rated speed 
on a unit with a characteristic time = 5 sec. 

The control valve flow control unit shown in Figure 5 is 
considerably different from the two preceding units. To improve 
linearity, stage pressurefeedback(major loop feedback)is employ¬ 
ed around the combination of positioning loops and valve flow 
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characteristics. Since negative stage pressure feedback requires 
increasing the feedforward gain, a gain adjuster is used. The 
load limit may be used to limit the opening travel of the control 
valve. The initial pressure limiter reduces the control valve 


opening when the steam generator pressure falls below a 
preset value. 

Since the control valves open sequentially it is necessary to 
bias each control valve by a voltage equivalent to the sequential 



ABBREVIATIONS: 

S.V. > STOP VALVE 
C,V. « CONTROL VALVE 
i.V. • INTERCEPT VALVE 
REG. > REGULATION (SPEED CHANGE 
IN UNITS TO PUT RESPECTIVE 
VALVE (SJ THROUGH FULL 
STROKE) 


Figure 3, Load control unit 



Figure 4* Stop valve (intercept valve) flow control unit 
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Figures. Control vdve flow control unit 


valve to be operated 
UKjviduaUy instead of in paraUel as was done for the stop valves 

characterisdcs are 

I,™ feedback of the positioning loops (sub-loop 

variations iS 

m^emenM regulation from the accepted standard* to about 
plus 3 and nunus 1 per cent of the steady-state regulation. 

Emergency Trip System 

^ primarily as a second line of defence 
aga^t overspeed; however, other fimctions may shut down the 
r me if signals from certain sensing devices indicate that other 
dangerous conditions are eminent. Since the standard emergency 
f(efcentnc ring or bolt type) is highly reliable and h J 
no elecfromc parts (independent second line of defence) it is 

teS Sif' el^cal overspeed trip with the fail-safe and 
ivrf ifif proposed by Schmidt and Kaufinann 

u and wiU actuate the emergency trio 

^ fe‘P system- Since the emer¬ 

gency trip ^stem is m pnnciple similar to the one presently used 

It wiU not be discussed in further detafl in this pa^r. 

Conclusion 

pie new system presented is die result of an attemnt to 

operating philosophies for largecentral 
station umts mto one complete system. It takes accomit of t£ 


widely a^pted concept of achieving as many characteristics 
as possible by analogue sub-loops in order to unload the com¬ 
puter m more completely automated power stations. 

Appreciation is expressed to P. C. Cation, General Engineering 
a oratory. General Electric Company, Schenectady, New York, 
for hts inventive co-operation in the development of this system. 
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DISCUSSION 


R. Starkermann and A. Oberle, Srown Boveri & Co. Ltd., Baden, 

Switzerland 

More and more electric controllers for steam turbines are at present 
appearing on the market. To solve complicated control problems 
(e.g. frequency-load control) these controllers have substantial advan¬ 
tages and they lead to a more flexible adaptation of control require¬ 
ments. Nevertheless, the pure hydraulic-mechanic control will retain 
its justification in many applications. It ensures simple and robust 
design and will—on the reliability score—scarcely become outstripped 
by electric control systems. Therefore it seems highly expedient to 
further improve mechanic-hydraulic components for pure hydraulic 
turbine control. 

To fulfil this requirement great efforts have been undertaken to 
build fast non-linear servomotors. Using the principle of feedback in 
connection with a device which increases the draining-off of the fluid 
when high acceleration of the turbine shaft occurs, the time required 
to drain the fluid between the speed controller and the servomotor 
could be reduced tremendously. Figure A shows a diagram taken from 
four servomotors mounted on a turbine. The input signal was a step 
function. This result shows that the protection for overspeed—this is 
the main criterion for a steam turbine control system—is guaranteed 
in the future even without an electric controller. 

Concerning the time constants given in the paper, we would like 
to mention that they depend to a great extent upon the specific design 
of a turbine. If, for example, stop valve and inlet control valves are 
built together in the same body, the time constants Tga and Tge,, that 
is for partial-arc admission and for full-arc admission, are practically 
the same, and d may then be the same for both conditions, namely 
5 per cent. This design has given good results on Brown Boveri 
turbines. 

From the point of view of security, in the event of a sudden loss of 
load the time constant Tg-^- 0*5 sec seems to be inadmissibly high. For 
a reheat turbine with a = 5 sec the stored steam energy would 
produce a speed increase of about 3-4 per cent, and for a condensing 
turbine even 10 per cent. This remark is based upon the assumption 
that the set is under high load with full arc admission. 

We are not in agreement with the author that it was the unsolved 
problem of the turbine control system which delayed the realization 
of the reheat turbine. What delayed the introduction of the reheat 
turbine more was the time required to improve the economy of these 
plants to an acceptable level and to complete the studies and investi¬ 
gations which led to these improvements. 

To make reheat turbines economic, the development of unit opera¬ 
tion of big sets was necessary. Once this was accomplished, the control 
problems were solved without difficulties. 



Three questions we would like to ask arc: 

(1) What is the load (in per cent) at the change-over from full-arc 
to partial-arc admission? The question concerns the overspeed secu¬ 
rity since <5 — 20 per cent. 

The Brown Boveri system uses for both conditi<»ns (full-arc and 
partial-arc admission) within a hydraulic contrtd system the same 
speed controller, the same speed-error signal, and this with a of 
5 per cent. The change-over from full-arc to partial-arc admission is 
for a load of 1(X) per cent. In another Brown Boveri system an idea of 
the authors already accomplished is the .system of the Ihrce-conlrol 
units: speed control (electric), load control (electric), valve control 
(electro-hydraulic)^. Sec Figure 



Figures, Circuit diagram of the electric steam turbine control ^Turbotrol\ (/« frequency regulator, output regulator, KY dosage for circuit 
control, LG load gradient, S statistics,. T turbine, G generator, FG pendulum generator, SM servomotor for steam valve, Py baffle-plate, 

amplifier, (jM gradient motor, A intercepting arrangement, P pump, N circuit) 
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(2) Is the system a proposed one, is it under construction or has it 
already been realized? 

(3) Is the load being kept constant (by a load controller) during 
the change-over from full-arc to partial-arc admission ? What is the 
change-over time? 

Reference 

^ Brown Boveri Review 50, No. 8 (1963), 479-82 
M. A. Eggenberger, in reply 

(1) Maximum load at change-over is 40 per cent. Because of the power- 
load unbalance relay, which will set the load reference to zero when 
load is lost, there is no danger of overspread. This is just one of the 
features of the load reference applied after the introduction of the 
regulation. 

(2) The answer is given in the presentation: The system has been 
completely built and tested for approximately four months in con¬ 
junction with an electronic turbine-generator simulation. Life testing 
is at present under way. 

(3) The load can be changed during transfer provided it does not 
exceed 40 per cent. At 40 per cent it is limited by switching logic until 
partial-arc admission is reached. Then the limit is removed and load 
increased at the set loading rate. The change-over time can be selected 
from 2 min up to 1 h. 

D. Ernst, 8S2 Erlangen, G.-Scharowski-Str, 2-4, Germany 

The authors have described a very interesting approach to modern 
steam turbine regulation. In this, an important contribution seems to 
be the clear separation of the various functions of turbine regulation. 
There are three major elements: 

(1) The speed control for start up, synchronizing and shut down 
of the unit following a load rejection. 

(2) The load control for loading and unloading the unit when it 
operates on the system. Here, a highly linear and sensitive response 
to frequency changes has to be provided for system regulation. 

(3) The strain control, which has to limit the change and rate of 
change of speed and load according to the strains and stresses develop¬ 
ed in the turbine. 

A control system which I would like to present for discussion with 
the authors is shown in Figure A, The valve opening is controlled and 


linearized by a position control loop, which also includes the electro- 
hydraulic transducer. The turbine is started up (from turning gear 
speed) and synchronized with, the speed controller over set point Hi, 

After the unit is on the system, the load controller is paralleled and 
changes the steam admission over H^, The high accuracy and sensi¬ 
tivity of the droop characteristic is maintained over a digital device 
with a quartz reference to ± 5/1,000 c/sec. 

Both set points for speed and load are supervised and guided by 
the strain controller to protect the turbine from excessive stresses. 

The information on the most important strain on the HP turbine 
case is derived from temperature measurements taken from the HP 
case wall and are calculated by an analogue strain computer. 

When a load rejection occurs the load controller is automatically 
blocked and the speed controller returns the unit to rated speed. During 
tests, a turbine with a 4 sec time constant has been restored to rated 
speed following a full load rejection with only 4 per cent overshoot 
and within 3 sec. 

It would be interesting to know the authors’ opinion on: 

(1) The problem of a closed-loop strain control being incorporated 
in the turbine control system. 

(2) Whether the speed measuring system in the regulation described 
by the authors permits the speed control to work from turning gear 
speed, as this woxild be desirable for automatic start-up of turbines. 


M. A. Eggenberger, in reply 

(1) The presented system is very suitable for introducing a strain 
control. This is a separate project. On a control of this type it will be 
very important to take account of the vibration characteristics of the 
turbine during start-up. 

(2) Yes, the speed control will bring the unit from turning gear 
speed to any selected terminal speed at the adjusted starting rate, 
which may be linear, or accelerate more rapidly in the critical speed 
range. 

P. G. JoNON, 24 Boulevard de la Liberation St, Denis (Seine), France 

The study of Messrs. Eggenberger and Troutman is a very important 
contribution for the development of electrical devices which, in a few 
years, will control most of the large steam turbines. I limit my questions 
to five general points: 
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(1) Does the studied equipment include a testing feature for detec¬ 
tion or failure occurring on one of the electrical components? 

(2) What is the available power at the output of the last electrical 
amplifier and what mechanical and hydraulic elements composed the 
last part of the circuit? 

(3) The control valve characteristics are compensated by means of 
a complex feedback system. Could the same result be obtained with 
an electrical power feedback loop? 

(4) A device balancing a stage pressure with the electrical load, 
protects the turbine against overspeed. Do t^le authors think that such 
a device is better than one using the derivative of the speed signal? 

(5) Are control systems of the type described now operating in the 
United States on large steam units, and if so, for how long? 


M. A. Eggenberger, in reply 

(1) There are continuity circuits checks and redundant circuits, partic¬ 
ularly for the speed control circuits. 

(2) The output of the power amplifiers is now 0*1 W but this does 
not imply that this will be the final solution. 

(3) We have found, that transiently, the generator output does not 
necessarily represent the power of the turbine. Because of this finding 
we prefer to use stage pressure, to represent power. 

(4) The derivative approach to obtain rapid valve action on loss 
of load is plagued with noise problems which led us to abandon 
derivative control elements. 

(5) The prototype system is at present the only one of this type in 
operation. Other electro-hydraulic systems with a somewhat more 
conventional system approach have been in operation for several years. 
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Une Application Industrielle dun Calculateur Interieur a un 
Circuit de Commande: rfiquipement filectronique de Commande 
dune Machine a fiquilibrer les Vilebrequins 

J. CSECH 


Summary 

This paper describes the electromechanical and the electronic equip¬ 
ment in a machine for balancing crankshafts. The machine is one of 
the transfer type, that is, the part to be machined is conveyed automa¬ 
tically and successively to the various different work-stations. Excess 
metal is removed by cutting-files. 

The items include an entry station, where the crankshaft is set in 
such a way that the axes of the shafts are all in exactly the same 
vertical plane; a station for measuring the unbalance on the oscillating 
rocker bearings; three stations where excess matter is removed in the 
different planes of the orthogonal axes, which entails six machining 
heads; a washing station; a station for measuring the residual un¬ 
balance; an evacuation station, where good parts are selected and 
where others, needing to be retouched, are retained. 

Once the crankshaft has been set to turn at the speed required, the 
electronic calculating equipment carries out the following operations: 

It determines the extent and phase of the unbalance related to the 
median planes of the end bearing-blocks; distributes the unbalance 
between the end counterbalances; projects, in each one of these planes, 
the unbalance on to two orthogonal axes passing through the axis of 
the bearing-blocks; if one or more vectors lies outside the angle 
contained by the counterbalances, it brings the equivalent mass back 
into the two other central planes of the counterbalance; and finally, 
determines the cutting stroke of each cutting file according to the 
amount of the mass to be removed. 

This information is recorded and accompanies the crankshaft 
throughout its transfer along the machine. The recording system is a 
permanent one. 

Two machines of this type are at present being used for industrial 
purposes. At the beginning of September 1963, one of them had been 
in operation for more than 2 years; the other for 18 months. 

The paper also gives details of the advantages to be obtained from 
the industrial use of such a group, from the point of view of rate of 
production and the reliability of all the electronic equipment and 
machines. 

Sommaire 

L’auteur d6crit T^quipement 61ectrom6canique e,t 61ectronique d*une 
machine automatique k 6quilibrer les vilebrequins. 

Cette machine est du type transfert, e’est-^-dire que la pitee k 
usiner est pr6sent6e successivement et automatiquement devant les 
divers postes de travail. Le m6tal exc6dentaire est enlev6 par fraisage. 

On peut distinguer un poste d*entr6e oh le vilebrequin est orient^ 
de telle fagon que les axes des manetons soient dans un m6me plan 
vertical; un poste de mesure du balourd sur berceaux oscillants; trois 
postes oh Ton cnl^ve successivement la matihre exo6dentaire dans les 
diff6rents plans suivant deux axes orthogonaux ce qui conduit k six 
t6tes d’usinage; im poste de lavage; un poste de mesure du balourd 
residue!; un poste d*6vacuation oh Ton diff6rencie les pi^es bonnes et 
celles qui n6cessitent une retouche. 

Une fois le vilebrequin entraind et mis en vitesse, I’^quipement de 
calcul 61ectronique execute les operations suivantes: 

11 determine en amplitude et en phase les balourds situes dans les 
plans medians des paliers extremes; repartit les balourds eiitre les 
plans des contrepoids extremes; dans chacun de ces plans projete ces 


derniers sur deux axes orthogonaux passant par Taxe des paliers; si 
un ou plusieurs vecteurs composants sortent de Tangle embrasse par 
les contrepoids, reporte la masse equivalente dans deux autres plans 
centraux du contrepoids; enfin, determine les courses utiles des 
unites de fraisage en fonction de la masse k enlever. 

Ces informations sent mises en memoire et accompagnent le vilebre¬ 
quin durant son transfert tout au long de la machine. La memoire oh 
les informations sont stockees est du type permanent. 

Deux machines de ce genre sont actuellement en exploitation indus¬ 
trielle. Au mois de septembre 1963 Tune d'entre elles sera en fonction- 
nement depuis plus de deux ans, Tautre depuis dix-huit mois. 

L’auteur presentera lore de son expose, les enseignements que Ton 
peut tirer du fonctionnement industriel d’un tel ensemble sur le plan 
de la cadence de production et de la fiabilite des equipements et des 
composants eiectroniques. 

Zusammenfassung 

Der Beitrag beschreibt die elektromechanische und elektronische 
Ausrustung einer automatischen Auswuchtmaschine fiir Kurbel- 
wellen. 

Die Maschine bringt das zu bearbeitende Sttick nacheinander und 
automatisch in die verschiedenen Arbeitspositionen; das Uberschtisslge 
Metall wird abgefrSst. 

pie Maschine fiihrt die nachfolgenden Bearbeitungsvorghnge aus: 
In der Anfangsstufe wird die Kurbelwelle so eingerichtet, daB die 
Achsen der Kurbelzapfen genau in eine bestimmte Lage zur An- 
triebswelle zu liegen kommen. Dann erfolgt die Messung der Unwucht 
auf schwingenden Lagebdcken; anschliefiend wird das fiberschiissige 
Material nacheinander in den drei Auswuchtfihehen ira Zwei-Koordi- 
naten-Verfahren entfernt, das ergibt 3 Bearbeitungsstellen mit je 
2 Bearbeitungseinheiten. Auf einen Waschvorgang folgt die Messung 
der Restunwucht. Die guten Teile werden ausgelesen und die nochmals 
zu bearbeitenden zuriickgehalten. 

Nachdem die Kurbelwelle die gewiinschte Bearbeitungsdrehzahl 
erreicht hat, fiihrt die elektronische Recheneinrichtung die folgenden 
Operationen durch: Sie bestimmt GroJSe und Phase der Unwucht 
bezogen auf die Mittelebene der Lagerstellen. Dann erfolgt ein Um- 
rechen der Unwucht auf die Ebene der auBeren Gegengewichte. Das 
Ergebnis dieser Rechnung wird fiir jede die^r Ebenen’auf 2 orthogo- 
nalen Koordinaten, die sich in der Drehachse schneiden, aufgeteilt. 
Kommt eine Oder mehrere Komponenten auBerhalb des durch die 
Gegenunwucht tiberstrichenen Winkels zu liegen, so muB eine gleich 
groBe Masse an 2 anderen Ebenen aufgebracht werden. SchlieBlich 
bestimmt die Recheneinrichtung den Vorschubweg der Frhseinheiten 
in Abhhngigkeit von der zu frasenden Masse. 


Le d6veloppeinent de Tautomatisme dans Tindustrie suscite un 
bouillonnement d’iddes et une floraison de machines nouvelles, 
Les id6es, comme il est naturel, sont g6n6ralement en avance sur 
les machines. Par exemple, on a d6jh dderit maintes fois com^ 
ment les unitds de production peuvent toe pilotdes par des cal^ 
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culateurs 6lectroniques, mais les exemples de mises en service 
effectives de tels precedes ne sont pas encore tr^s frequents. En 
outre, si la curiosite du public est tr^ vive k Tigard de ces tech¬ 
niques nouvelles, souvent sa deception ne Test pas moins — 
mtoe s’il s’agit d’un public 6claire — devant la complexity des 
explications fournies par les automaticiens d^s qu’ils abandon- 
nent le terrain des gyn6ralit6s pour celui de la technologic. 

Au milieu des ytonnantes performances accomplies par la 
Regie Renault pour automatiser la fabrication des moteurs 



Figure L Le vilebrequin 


d’automobiles, Topdration d’equilibrage dynamique des vilebre- 
quins a constitu6 une sorte d’ildt de rdsistance: ce n’est que 
demi^rement qu’une machine effectuant cette opdration auto- 
matiquement le long d’une chaine de fabrication continue a 
6t6 mise en service. 

Cette machine comporte une commande dlectronique decrite 
ci-apr^s, qui est \m exemple concret, k la fois assez simple et 
caraetdristique, des possibilitds offertes par les dispositifs de 
calcul analogique et numdrique dans les dquipements industriels 
modernes. 


Description Gdndrale de la Machine et Doiindes du Probldme 

La pidee a dquilibrer est un vilebrequin de moteur quatre 
cylindres dont le poids est d’environ 7 kg. La Figure 1 montre 
ce vilebrequin avec I’indication de la position des capteurs de 
mesure du balourd et des plans dans lequel s’effectuera par 
fraisage I’enldvement de mdtal. Ces plans sont ceux des mane- 
tons du vilebrequin. Le balourd initial peut atteindre 400 g/cm 
alors que la valeur maximum finale ne doit pas ddpasser 
20 g/cm. 

La Figure 2 reprdsente cette machine qui est du type trans- 
fert, e’est-d-dire que la pidee k usiner est prdsentde successive- 
ment et automatiquement devant les divers postes de travail. Le 
mdtal exeddentaire est enlevd par fraisage, ce qui permet d’effec- 
tuer I’dquilibrage en une seule passe. 

On peut distinguer: 

un poste d’entrde oh le vilebrequin est orientd de telle fagon 
que les axes des manetons soient dans un mdme plan vertical; 

un poste de mesure du balourd sur berceaux oscillants. La 
Vitesse de rotation de 900tr/min est au-dela de la vitesse de 
rdsonance; 

trois postes ot Ton enldve successivement la matidre exedden¬ 
taire dans les diffdrents plans suivant deux axes orthogonaux ce 
qui conduit k six tStes d’usinage; 

un poste de lavage; 

un poste de mesure du balourd rdsiduel; 

un poste d’dvacuation ou Ton diffdrencie les pidees bonnes 
et celles qui ndeessitent une retouche. 

Les mouvements des organes mdcaniques, comme ceux de 
la plupart des machines transfert, sont commandds par relais et 
dlectrovalves. Une fois le vilebrequin entraind et mis en vitesse, 
I’dquipement de calcul dlectronique execute les opdrations 
suivantes: 

ddterminer en amplitude et en phase les balourds situds dans 
les plans mddians des paliers extremes; 

rdpartir ces balourds entre les plans des contrepoids extrdmes; 



Figure 2. Vue d*ensemble de la machine 
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axes^ho^n*^ Projeter ces demiers sur deux 

axes orthogonaux passant par I’axe des paliers- 

embraTs^ vecteurs composants sortent de Tangle 

fojs “““ <" » 

. z*.s„t;;“n‘‘ssr 

^ de mature ndces- 

SrdSSSt^ ? ^ permanent, c’est-i-dire que, mfime en 

arrSt de la machine, par exemple en fin de iourn^e il nVct 


r^ssrvStb^siS' *“ d. 

0” Vde- 

une phase rep6r6e par rapport k une phase fixe crd6e oar un 
alternate.^ montd en bout du moteur enLnan7te^tr^„r 

solckSdefr2r“"%^ 

J Z ^’analyser les 

balourd. extr6mites du vilebrequin sous I’efiet du 

Pb.^e, «” 


^101 


t'2|02 


Kfesure du Balourd {Figure 3) 

pliers 

dZx wlV horizontal. Les paliers sont fixfe dans 

S? horizontalement dans m 

^ . Perpendiculaire k Taxe du vilebrequin k CZ 


dans les plans des paliers P\ et P'^. 

Us VTOteurs Vi et V^' reprdsentent le balourd du vUebreauin 

Sts di en deux balourds situfe 

dSollS.^^ quelconques perpendiculaires k Taxe de rotation 

P e^ les plans 

seronf fnL T ^ *1® contiennent les contrepoids oil 

i ®“l^''ements de matfere comme le montre la 

p. d«„ 1.. pto 

V^=aVl+bVl 

^ ^ ( 1 ) 
V2=aVi+bVl 

Le balourd de la pike est parfaitement corrigd par compen¬ 
sation de ces vecteur^ balourds et V^. 

av' ®“Pl® i®® l®“sio“® sinusoidales 

avi, bvi, av^bvi en utilisant des transformateurs alimoitk 
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par les tensions v\ et v\ et dont les rapports de transformation 
sont a et b. 

En mettant en s6rie les enroulements av\ et bv\, bv\ et av '2 
on obtient deux tensions sinusoKdales ^ 

Vx — av[-{-bv2 

V2 = bv[-hav2 

qui sont proportionnelles aux vecteurs et Fg. 

Mesure des Angles 0^ et % (Figure 4) 

La mesure de la position angulaire de Tarbre de sortie est 
faite par une synchromachine aliment^e en triphas6 par un 
altemateur mont6 sur I’arbre d’entrainement du vilebrequin et 
jouant le rdle de g6n6ratrice de r6f(6rence. 

On sait que la tension induite dans le rotor a une amplitude 
constante et une phase variable avec 6 ; 

tt = Lrsin(3O7rt+0) 

L’organe de comparaison des phases d et 6^ est un d^modula- 
teur 6quilibr6 qui a la propri6t6 d’avoir une tension de sortie 
nulle lorsque 

La tension u alimente I’enroulement de reference et la tension 
Vi I’enroulement du signal k d^moduler. 

Lorsque le syst&ne asservi est en 6quilibre, la position angu¬ 


laire de 1 arbre de sortie est 6gale a la phase de la tension V^. Cet 
asservissement joue done le rdle d’un phase-mfetre. 

Un second asservissement identique sert k calculer 

Calcul des Composantes Suivant les Axes d’Usinage 

Lm tdtes d’usinage travaillent dans chacun des plans Pi et 
Pa suivant deux axes perpendiculaires OX tst OF. Les balourds 
suivant ces axes sont doimds par les projections des vecteurs K, 
et Vi soit: ^ 

Xi = 7iCOS0, X2 = F2COS02 (2) 

Fi = Fjisin0i J'2=F2sinfl2 

Pour calculer ces composantes, on utilise une petite marhin^, 
toumante appelee rdsolver et dont le rotor et le stator ont 
chacun deux enroulements bobinds i 90 degrd. 

Ces deux rdsolvers sont accouplds aux arbres de sorties des 
asservdssements de position di et 6^. L’enroulement statorique 
est alimentd par la tension Vi ou Fj modulde i 50 Hz et on 
recueille sur les enroulements rotoriques: 

Xi = FiCOS0j X2=p2UOS02 

yi = Fisin02 y2=^sm02 

Toutefois, une difficultd se prdsente si une ou plusieurs com- 
posantra sont ndgatives. En eifet, il n’est pas possible d’opdrer 
un dquilibrage par adjonction de mdtal. Dans ce cas, on dd- 
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montre qu’un balourd — situ 6 dans le plan est 6 iuivalent 
k un balourd —situ 6 dans le plan Pq centre du vilebrequin 
et un balourd -fFi situd dans le plan ^ 2 - 

Ainsi on peut en permanence considerer que tout balourd 
d’un vilebrequin est dquivalent k trois balourds situds dans les 
plans Pi, P 2 et Po- 

II existe done un systeme: 

Xxyi Xiyi Xoyo (3) 

equivalent k ( 2 ) et dont les composantes sont toujours positives. 

Les signes des quantitds X 2 sont connus au moyen de 
cellules photo 6 lectriques plac^ en face de disques solidaires 
des arbres des asservissements et 62 - 

Transformations des Composantes du Balourd en Valours Num£- 
riques d’Enfoncement d’Outils {Figure 5) 

Une fois d 6 termindes les six tensions analogiques proportion- 
nelles aux balourds selon les axes OX tiOY des trois plans P^, 



Figure 5, Conversion de la valeur analogique du balourd {X) en mleur 
numirique d‘enfoncement d*outil (X^ 

P 2 et Pq il y a lieu de determiner les enfoncements d’outils des 
six tetes d’usinage correspondantes. La Figure 5 indique le prin- 
cipe de rdquipement effectuant cette conversion. II est essentielle- 
ment constitud par six asservissements de position entrainant 
des codeurs binaires a 128 points. La mesure de la position est 
efFectude par un variomdtre, petite machine toumante k induc¬ 
tion fouinissant une tension sinusoidale d’amplitude proportion- 
nelle au sinus de Tangle de rotation de son rotor. Sur Tarbre de 
sortie de Tasservissement de position est montde ime came per- 
mettant d’introduire la fonction liant Tenfoncement des outils 
aux composantes du balourd. Ces fonctions assez complexes 
doivent tenir compte de la forme du vilebrequin, de la forme de 
la fraise ainsi que de la quantitd du mdtal enlevd par tour de 


fraise. Ces relations sont rdalisdes au moyen de cames dont le 
rayon varie suivant la loi ddsirde. Ces variations de rayon sont 
transformdes en tme rotation d’arbre sur lequel est fixd le codeur. 

Registre de Glissement (Figure 6) 

Le registre de glissement est une m 6 moire dans laquelle les 
informations peuvent passer d’une position P„ k une position 
P„+i par la commande d’un signal 61ectrique. A un instant 
donne cette m^moire contient les donndes relatives k six vile- 
brequins et la progression de ces donn^es de la position P^ k la 
position P„+i se fait simultan^ment par un ordre venant de 
la machine transfert. L’ensemble de cette partie de Tequipement 
est entierement transistorise, Tutilisation de bascules a tran¬ 
sistors permettant de r^aliser sous un faible volume Tensemble 
des operations ddsirees. 

Commande des Tdtes d’Usinage (Figure 7) 

La vis mere du chariot porte-fraise entratne un disque perce 
de trous envoyant des impulsions sur des cellules photoeiectri- 
ques. Le nombre d’impulsions est proportionnel k Tenfonce¬ 
ment de Toutil. Lorsque celui-ci commence k usiner le vile¬ 
brequin, un signal eiectrique autorise le decomptage; lorsque le 
decompteur passe par la valeur 0 un signal d’arret est transmis 
au moteur. Quand les trois memoires de stockage sont vides, les 
tdtes d’usinage se reinvent et la barre de transfert fait progresser 
d’lm cran Tensemble des vilebrequins. 

Contrdle Final 

Un poste d’ 6 quilibrage identique k celui se trouvant a Tentrde 
de la machine mesure le module du balourd r 6 siduel et permet de 
contrdler le bon fonctionnement de Tensemble de la machine. 

Conclusions 

La Figure 8 montre Tensemble des 6 quipements 61ectroniques 
install 6 s. La precision globale des calculs effectufe est de Tordre 
de 3 pour cent; compte tenu des erreurs suppl 6 mentaires pou- 
vant 6 tre introduites par la mesure initiale et par la commande 
d’enfoncement d’outils, les balourds r 6 siduels, apr^ correction, 
sont inf 6 rieurs k 20 g/cm. La machine effectue T 6 quilibrage de 
120 vilebrequins k Theure en moyenne avec des pointes pouvant 
atteindre 180 vilebrequins k Theure. Ce travail n^cessite deux 
op 6 rateurs alors qu’une chaine manuelle 6 quivalente utiliserait 
dix ouvriers. 



Figure 6, Transfert du vilebrequin et mise en m^moire des donnies 
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II est Clair que la realisation d’une telle .machine n’est con- 
cevable qu’au prix d’une 6troite collaboration entre mecaniciens 
et eiectriciens. La conception m^canique du poste de mesure par 
exemple est directement liee k la precision des calculs. De m€me 
la conception des transferts des vilebrequins entre les differents 
postes doit tenir compte de la rapidite des calculs efFectues par 
requipement eiectronique et la cadence de fonctionnement de 
Tensemble de la machine doit etre etudiee, compte tenu des 
imperatifs mecaniques et eiectriques. La conception des equipe- 
ments eiectroniques de mesure et de calcul a implique I’utilisa- 
tion de sous-ensembles standards tels que: amplificateur k cou- 
rant continu, amplihcateur k courant altematif, bascules k 
transistors, circuits de comptage, registre de glissement, etc. Ces 
divers sous-ensembles reinvent aussi bien de la technique des 


tubes a vide que de celle des transistors, le seul crit^re commun 
k Tensemble des mat^riels 6tant son tr^ haut degr6 de s^curite 
de fonctionnement. Des essais systematiques de dur^e dans des 
conditions climatiques vari6es et de robustesse m6canique ont 
6i6 effectu6s avant I’introduction de ces sous-ensembles dans 
des ^quipements li6s k des machines de grande production. 

Deux machines de ce genre sont actuellement en exploitation 
industrielle. Au mois de septembre 1963 Tune d’entre elles sera 
en fonctionnement depuis plus de deux ans, I’autre depuis dix- 
huit mois. 

L’auteur pr6sentera, lors de son expose, les enseignements 
que Ton peut tirer du fonctionnement industriel d’un tel ensemble 
sur le plan de la cadence de production et de la fiabilit6 des 
6quipements et des composants 61ectroniques. 




Figure 8. Vue (Tensemble des Equipments assocUs d la machine 
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DISCUSSION 


Author’s Opening Remarks 

There are, in the Renault factories, two machines of this type. 

The first one, in operation since January 1962, balances 1,500 
crankshafts each day; its maximum output is 135 pieces per hour and 
its average output is 95 pieces per hour. 

The second machine, in operation since June 1962, balances 1,200 
crankshafts each day, and could do more if necessary. 

The residts of the first machine may be compared with those of a 
conventional machine as follows: (a) The automatic machine works 
in two shifts and rec^uires two operators in each shift, that is four men 
in all; (6) the conventional machine requires 11 men in each shift, that 
is 22 men in all. This means a saving of 18 men. 

Only 4 per cent of the balanced crankshafts are slightly outside the 
tolerance of 20 g/cm. More than 3*5 per cent can be easily retouched. 

Since the introduction of the machine, there have occurred the 
following breakdowns. 

With the first machine: At its introduction, abnormal heating of 
the transistorized shift register; an incorrect earthing of an amplifier; 
5 electronic tubes out of 142 have had to be changed* 

With the second machine: Two bad contacts in the printed circuits 
(there are 1,600 semiconductors in this equipment); 3 electronic tubes 
out of 132 have had to be changed; 1 soldering defect. 

Dividing the electrical, electronic and mechanical breakdowns into 
types of breakdowns and evaluating the time lost, we find: 

(/) 15 electrical breakdowns 
1 electronic breakdown 
4 mechanical breakdowns 
(«) 20 min due to electrical breakdowns 
6 min due to electronic breakdowns 
1 h due to mechanical breakdowns 

A. Honsberger, Dufour 75, Bienne, Switzerland 

(1) For what reason did you change from an analogue system to a 
digital system? 

(2) What is the weight of the crankshaft? 

(3) What is the tolerance of the crankshaft bearings ? 

J. CIsECH, in reply 

(1) The calculations to be carried out are of a trigonometric type and 
are not e^ily performed by analogue elements. We found it easier to 
have the information in the shift register in digital form. One can, of 
course, imagine exclusively analogue or exclusively digital equipment, 
but I think this would be more sophisticated. 

(2) The weight of the crankshaft is about 7 kg. 

(3) The tolerance of the crankshaft is about 1/100 mm. ^ 

J. R. Gilbert, Sulzer Bros, Ltd,, Winterthur, Switzerland 

In the classification of breakdowns, do you consider bad contacts in 
printed circuits to be in the category ‘electric* or ‘electronic’ ? 

J. CsECH, in reply 
Electronic. 

J. Mornas, C,A,F,L, Engineering, 96 Hue A, Durafour, Saint^Etienne, 
Loire, France 

What is the principle employed for detecting the contact of the milling 
cutter with the counterweight? 

J. CsECH, in reply 

The crankshaft is connected to earth by the machine, the milling cutter 
is el^trically isolated, and the contact between them is detected by 
closing the circuit. 


J. W. Bunting, Courtaulds Engineering Limited, P,0, Box 11, Coventry, 
England 

The metal removed is a function of the depth of the cut, and a different 
function for different models. Is this taken into account by changing 
cams, and if so, is this a simple speedy operation? 

J. CsECH, in reply 

It is taken into account by changing a cam in the analogue-digital 
conversion servo. 

C. Foulard, France 

You have compared electrical, electronic and mechanical breakdowns. 
It appears that electronic parts are the most reliable. To compare 
exactly the performance of the electronic parts with the performance 
of other parts in a transfer machine, which does not make use of 
electronics, it would be necessary to know the quantity and importance 
of these parts. Then we might know whether it pays to use electronics 
on transfer machines. 

J. CsECH, in reply 

The only way I can compare the electrical, electronic and mechanical 
parts of this machine is on an economic basis. The cost of the electrical 
parts is about 10 per cent of the total, the cost of electronic parts is 
about 25 percent and the cost of mechanical parts is 65 percent. I should 
like to emphasize the point that the problem could not have been 
solved without electronic equipment. There is no possibility of manual 
operation of this machine, and we had a choice of attaching electronic 
equipment to the transfer machine, or not solving the problem. 

R. Lancia, Rue des Martyrs, Grenoble, France 

Since (1) the surfaces on which the correction for the out of balance 
bears are imperfect (it is a casting), and since (2) the parameter used 
by the calculator is the penetration of the milling cutter, is it not 
conceivable that the first phase of the balancing could give good 
accuracy? 

J. CsECH, in reply 

The casting of the counter weight is a very precise type, and our 
experience has shown that the correction is quite good if the means 
of detection of contact between the counter weight and milling cutter 
is accurate. 

R. Righi, Consiglio Nazionale delle Ricerche, Roma, Via Giacomo 
Boni 6, Italy 

As to the breakdowns of the machine that Mr. Csech has described it 
would be interesting to know their distribution in time since the 
machine was put into operation. This is a matter of interest in many 
practical applications. Some laws of distribution are well known but 
it would be useful to compare them with the results obtained in 
practice. 

J. Csech, in reply 

The largest number of breakdowns occurred, as usual, in the first six 
months of the operation. 

A. Thiard, Centre National de VAutomatisation, Paris 15, France 

Taking the same output in both cases, does the new balancing machine 
pay, in comparison with a conventional machine (amortizing and 
operating costs included)? 

J. Csech, in reply 

The figures concerning amortizing and operating costs exist at the 
Renault factory, but I do not know them. 
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Design Analysis of an Automotive Speed Control System 


W.H. 

Summary 

The design of a speed control system for passenger cars is analysed. 
The function of each of the system components including an electro¬ 
mechanical speed transducer and error detector, a pneumatic power 
drive unit, and a typical engine/vehicle is described. The pulse-width 
modulation technique used is reviewed. Transfer operators which 
provide for the inherent non-linearities in the pneumatic unit and in 
the engine are derived or graphically displayed. Based on observed 
data and theoretical analysis, linear approximations are made. The 
complete open-loop transfer function is shown to be a second-order 
system with a transport delay. Finally, the results of the analysis are 
compared with observed road test data and analogue computer 
studies. 

Sommaire 

Un syst^me de r6glage automatique de la vitesse d’une voitur de tou- 
risme est analyst. Ce syst^me comprend un transmetteur 6Iectro-m6ca- 
nique de la vitesse, un ddtecteur d’erreur et un servo-moteur pneu- 
matique permettant d’agir sur la puissance du moteur. II utilise un 
S3^t6me de modulation avec des impulsions de dur^ variable. La 
fonction de transfert qui permet de caractdriser les propri6t^s non- 
lin6aires du servo-moteur est indiqude. En se basant sur une 6tude 
analytique et exp6rimentale, une premiere approximation lindaire de 
cette fonction est donnde. On est ainsi conduit pour Tensemble du cir¬ 
cuit de r6glage k une fonction de transfert du 2b ordre, avec retard. 

Les conclusions de cette 6tude sont compar^es avec des r^ultats 
exp6rimentaux obtenus, d’une part, en vraie grandeur, d’autre part 
sur calculateur analogique. 

Zusammenfassang 

Der Entwurf einer Geschwindigkeitsregelung fur Personenkraftwagen 
wird untersucht. Er beschreibt die Wirkungsweise der einzelnen 
Regelkreisglieder, namlich: eines elektromechanischen Geschwindig- 
keitsumsetzers xmd FehlermeBgliedes, eines pneumatischen Kraft- 
schalters und eines normalen Kraftfalurzeuges. Die hier verwendete 
Puls-Breitenmodulation wird beschrieben. Beziehungen, die die in der 
pneumatischen Einheit und dem Motor vorhandenen Nichtlineari- 
taten beriicksichtigen, werden abgeleitet oder graphisch dargestellt. 
Auf Grund von MeBergebnissen und theoretischen Betrachtungen 
werden lineare Naherungen durchgefdhrt. Die voUstandige tJber- 
tragungsfunktion des offenen Kreises ist ein System zweiter Ordnung 
mit Totzeit. AbschlieBend werden die Ergebnisse der Untersuchung 
mit den auf der StraBe beobachteten Versuchsergebnissen und mit 
Analogrechnerergebnissen verglichen. 


Introduction 

This paper analyses the design of an automotive speed control 
system. It starts with a brief description of system operation. 
The important design considerations for desired control per¬ 
formance are reviewed. The operation of the system components 
is discussed and transfer operators derived. Simplifications in 
input-output relationships are made and justified. Finally a 
steady-state analysis of the simplified overall system is summa¬ 
rized and the results are compared with those of road tests and 
of experiments with a more definitive computer model. 


HOLL 

System Operation 

This system automatically controls the speed of a passenger 
car to some preselected value and maintains this speed within 
close limits in the presence of load variations and disturbances 
(grades, wind loads, etc.) as shown in Figure L 

The system operates in a conventional feedback control 
manner wherein the measured speed is compared to desired or 
set speed as shown in Figure 2. This error signal is converted 
from a mechanical angle to a pulse ratio modulated electrical 
signal. The electrical signal is amplified and operates a pneumatic 
valve which controls the amount of engine manifold pressure 
applied to a pneumatic power unit. This device positions the 
engine throttle through a mechanical linkage to provide the 
required change in engine torque and thus reduce the error and 



Figure L Simplified block diagram 


Ambient pressure 

P. 



Engine load 


Figure 2. Complete systejn block diagram 

maintain car speed. The engine manifold vacuum forms an in¬ 
ternal feedback loop which is significant only for large engine 
loads (grades in excess of 5 per cent). The system is disengaged 
by stepping on the brake pedal or by pulling out the cruise 
selector switch. 

System Control Performance 

There are several response conditions which are significant 
in evaluating performance. It is desirable to have smooth transi¬ 
tion, i.e., as operating conditions vary, there should be no large 
accelerations or jerks which are objectionable to the car 
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p^sengers; good steady state and dynamic accuracy is also 
highly desirable. Thus, the system has the common servo require¬ 
ments of high loop gain, optimum bandwidth for process¬ 
ing the signal while filtering disturbances, insensitivity to para¬ 
meter variations, and very stable operation in the presence of 
wide variations in operating conditions which affect both engine 
and controller performance. Because the overall system is non¬ 
linear, experimental analysis is necessary and such experiments 
are run on road tests and on an analogue computer. However, 
such experiments, along with analysis of the component equa¬ 
tions, indicate that some simplifications make it possible to 
conduct a quasi-linear analysis of the system for small signals. 
T^is is significant because it makes it possible, through sinus¬ 
oidal inputs, to study the system under operating conditions 
wluch simulate cruising over rolling countryside, which is a 
prime function of the system. Thus frequency analysis tech¬ 
niques give a good indication of system performance. 


Velocity Duty cycle-d 

(average *on’ time) 



Speed Measurement Sub-system 

The speed measurement system measures car speed, com¬ 
pares it with set speed, and provides an amplified pulse ratio 
modulated error signal. Measurement of car speed is provided 
by a standard flexible shaft and speedometer system as shown 
in Figure 3, This shaft is stiff enough so that it introduces no 


Eccentric 


Oscillating 
cont, ■ 


Contact spring 
.Pick-up arm 



Flexible shaft 
from transmission 

Cam follow^ 
mounting ring 


.Speed setting 
pointer 

0-Speed 

pointer 


Figure 3. Speed transducer and modulator (After J, A. McDougaF) 


major dynamic contribution to system performance. However, 
the spring-mass system of the speedometer assembly does have 
a resonant frequency which occurs at the upper end of the 
overall system bandwidth and has been accounted for in the 
system model. The transfer function relationship between 
indicated and actual speed for the speedometer assembly 
is given by 

T/- 


where (CplCj^{KtlKi^ is the scale factor of the unit and is 
calibrated to equal unity. For the particular system under study 
the r^onant frequentq^ is 1*1 c/sec and the damping 

ratio is 0-2. Since the system phase margin is small the speedo¬ 
meter phase lag makes a significant contribution to the dy namic- 
response and this second-order system can be approximated 
by a simple transport delay, e~^, in the region of interest, where 


Also, there is a coulomb friction at the output of the speed 
measuring system which has been considered. However, recent 


Figure 4. Speed transducer output current waveforms 
(From J. A. McDougaP) 

improvements in design have reduced this friction to a neg¬ 
ligible amount. 

The error modulator opens and closes a pair of ftT,.r t r i cB| 
contacts and changes the on-off ratio or duty cycle as a function 
of the size of the error signal, see Figures 3 and 4. These electrical 
contacts are manually positioned by the cruise speed setting 
dial at an angle proportional to desired speed. The actual car 
speed is introduced by the speedometer output shaft which 
positions a pick-up arm such that it would just open the above 
electrical contacts when the car is travelling at the set speed. 
However, for every revolution of the speedometer drive shaft 
(1'6 m of road travel) a cam nutates the contact pair about the 
average position through an angle equivalent to 10 km/h. 
As the car speed approaches set speed the pick-up arm opens 
the oscillating electrical contacts for a period of time each cyde. 
For the percentage of time the contacts are open, each cycle 
increases with increasing car speed until the contacts are open 
all the time (as shown in Figure 4). This is a form of pulse ratio 
or duty cycle modulation. 

The duty cycle, d, which is the percentage of time the con¬ 
tacts are closed actually is an arc sin function of error, e, over 
the proportional range. Thus 

d=0.5-|-larcsin^ (3) 

where negative error indicates an overspeed condition. However, 
the mid-portion of the proportional zone can be approximated 
with good accuracy as 

.=0.5+^ (4) 

where the dynamic gain is given by Ijn This agrees with 
observed data. 

The electrical signal is amplified through a single transistor 
to minimize the current through the contacts. This has no effect 
on signal modulation. 

Power Unit and Throttle Linkage Sub-system 

This sub-system (see Figure 5) changes modulated diectrical 
pulses from the amplifier to a modulated vacuum, which in turn 
positions the throttle in the car. 
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coil 

Figure 5 . Power unit and control valve (From /. A. McDougaF) 


The control valve is energized when the electrical contacts 
of the modulator are closed, thus the control valve turns on 
and off each cycle with the control signal. It opens the dia¬ 
phragm chamber successively to atmospheric air and engine 
vacuum through respective orifices. The average pressure in the 
chamber is a function of the duty cycle, and this pressure 
exerts force on the diaphragm which is balanced by the reg¬ 
ular throttle return spring and by the diaphragm return spring. 
The output is connected to the throttle linkage through a bead 
chain which is in tension during operation. The maximum 
throttle is limited by the stroke of the power unit to 35° which 
is sufficient for maintaining speed on the open highway. 

A complete mathematical description of the system is highly 
complex. There is inherent non-linear action in the inlet orifices, 
the valve bounce and transit time, the hysteresis and time lag of 
the coil, the variable cross-sectional area of the diaphragm, the 
backlash and friction of the linkage, the variable spring rate of 
the accelerator return spring, the unilateral action of the throttle 
return dashpot, and the effect of air flow on the throttle plate. 
Nevertheless, these conditions can be described and have been 
included in tihe complete computer model. 

For purposes of some insight into the operation of this unit, 
it is possible to simplify the model and express it as a first-order 
system. The gain and time constant of this model applies for 
small changes in the system variables and for given operating 
conditions. A different operating point yields a different gain 
term and time constant. However, the influence of the para¬ 
meters and variables (primarily, ^e throttle angle) on these 
terms can be seen. This model is used in studying the steady- 
state performance and small signal transient response. 


Internal Feedback Loop 

The manifold vacuum is used as a source of pressure for 
actuating the power unit. The difference between atmospheric 
pressure and manifold pressure constitutes the available supply. 
However, the manifold pressure is modified directly by changes 
in the throttle angle position. Thus, as the error signal causes the 
power unit to move the throttle, the resultant changes in the 
differential pressure modifies the power unit response. Since this 
feedback is negative, it lowers the static gain and time constant 
of the power unit assembly. However, since, as described below, 
ther^ is critical flow in the vacuum orifice for most driving con¬ 
ditions, this feedback can be neglected. 


Derivations of Power Unit Equations 

The transfer characteristics of the power unit can be deter¬ 
mined by setting up the physical relationship between the 
variables. Thus at any given time the universal gas law applies 
for the air in the power unit chamber. 

PV=^WRT (5) 

and ... 

PF+PK=FKRr (6) 

where the temperature is assumed to remain constant. The 
forces on the diaphragm are in equilibrium. The force due to 
the differential pressure is equal to the opposmg spring forces. 

(P„-P)4=(iiCi+K2)(0+0o) (7) 

(P„-P)A=K,{B+do) (8) 


P=P<.- 


JC,(0+0o) 


(9) 


The power unit design is such that the diaphragm area and the 
chamber volume vary almost linearly with throttle angle over the 
controlrange. 


V=^Vo-K„9 

A^-K,d 


( 10 ) 

( 11 ) 

( 12 ) 

(13) 


The time derivatives of the pressure can also be derived from 
eqn (9). 

(14) 


P=-^6 

A 


where 


iC3=iC,+(P,-P)JC. (15) 

The net weight rate into the power imit for each cycle is equal to 
the rate of air flowing into the chamber when the valve is open 
to the atmosphere, minus the rate of air flowing out when the 
valve is opened to engine vacuum. The frequency of valve 
operation is sufficiently high that the pressure change each cycle 
is small and the following relationships hold. 

(16) 

= C,C,T KP J. (PIPa) (1 - d) - ^e-P/c (PJP) d] (17) 

where the function / describes the pneumatic orifice character¬ 
istics and is shown on Figure 6, The duty cycle, is a function 



Figure 6, Pneumatic orifice characteristic^ 
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of the error signal and determines the net weight rate. Analogue 
computer and experimental data indicate ihsXf^ may be closely 
approximated by a straight line and/g by unity over most of the 
range of interest. The ratio PjP^ varies between 0-95 and 0*88. 
The PejP ratio is less than 0*528 critical pressure ratio except 
when the engine load is very large. When PJP is less than 
0 528 unretarded critical flow conditions exist in the vacuum 
orifice and changes in engine manifold pressure have no 
effect on the weight rate of air and thus does not influence 
system dynamics, and /g can be expressed as follows 


mission are simulated on the analogue computer with ^ode 
function generators. However, good insight is obtained on an 
engine with a standard transmission by considering it to be a 
first-order system. An engine/vehicle with an automatic trans¬ 
mission, though not considered further here, can be represented 
as an overdamped second-order system. 

If road load torque is subtracted out from engine torque the 

Tref =250 lb.ft =34*5 kg^m 


and 


/e = l 

^RT=^Q[i-mP+bP,)(l-d)-uPd] 

^ = CaCaAiTu-i PufifilPu) 
nPalPu) = 3-87 
for 0-528 g g l-o 
/(f’a/i’u) = 1-0,0 ^ P^/Po g 0-528 
u subscripts indicate upstream parameters 
d subscripts indicate downstream parameters 
A^ is the cross-sectional area of the orifice 
(All other symbols are defined in the nomenclature} 


(18) 

(19) 

( 20 ) 


where 

and 


Q=RC,CJ^A„ (21) 

a=AjA„ (22) 

The expression for control pressure in eqn (9) can be substituted 
in eqn (20). 

Finally this can be combined with eqns (6), (13) and (14) to yield 


where 




(23) 


Rs L -m+(m-tx)d J 

L 

- K3V+K„PA K^V+K„PA PJ„+aP 
QK,im-(m-oi)d:] QK,a 'PJ^+mP 


Road load torque 



1600 2400 3200 4000 

Engine, rev/min 

Figure 7. Experimental stock engine curves 


Dynamic gain is given by 
P.A ab 


K, [m-(m-a)dy' K,a [P./„-l-mP] 

Since 2* , V, A, and m are all functions of 6 only, the gi 

and time constant of the power unit are also determined by i 
value of 6. The variable d is eliminated above by solvi 
eqn(17)for 


The fiiternal Combustion Engine and l^ransmission 

The speed-torque curves of an internal combustion fttigina 
are very shnilar to those of a servomotor, particularly for stni^i i 
vuiations in load. For conditions of maximum throttle (35®) and 
minimum throttle (2°), non-linearities are introduced, particu- 
mly for cases of overrun, i.e., where the engine is being driven 
by the load. Non-linearities are also introduced at low engine 
speeds (see Figure 7). For precise data, the engine and trans- 


Trefs250 (b.-^ft. s 34‘S Kg-m 



Velocity-V./Vr,| 

Figure 8, Enginejvehicle phase-plane plot 
(Modified speed-torque curves) 


418 



DESIGN ANALYSIS OF AN AUTOMOTIVE SPEED CONTROL SYSTEM 


remainder is available for grade loads and acceleration (see 
Figure 8), These speed-torque curves are a family of approxi¬ 
mately straight lines. Per cent grade and g’s of acceleration can 
be plotted to the same scale (due to the equivalence of acceler¬ 
ation and gravity). From these curves the transfer operator of 
the engine and vehicle can be shown to be 



K^e-K„AG 
^ (V+1) 

(27) 

where 

II 

(28) 


0 mK„Ny 

(29) 


3-6 gNyKf, 

(30) 


System Analysis and Evaluation 

Transfer operators have now been derived for all components 
in the system. The open-loop system transfer function can be 
expressed 

Ae nR^{XpS-\-i)(XeS + l) ^ ^ 

This is an ordinary second-order system with a transport delay 
and which can be readily analysed by frequency plot techniques. 
For the system with parameter values shown in the Nomenclature 
the overall loop gain ranges from 32 to 38 dB. This compares 
well with experimental data which is plotted on Figure 9, The 
engine gain, power unit gain, and modulator gain, I/tzRs, 
have corresponding agreement with experimental results. The 
engine time constant is 21 sec and remains almost constant 
throughout the operating range. This agrees to within 5 percent 
of observed values. The theoretical power unit time constant 



varies from 1*2 sec at low throttle angles to F8 sec at high throttle 
angles. Computer and observed data indicate that this time 
constant is in the order of 1-3 to 2*0 sec. The transport delay of 
the speedometer A has a calculated value of 0*06 sec compared 
with observed values closer to 0*1 sec. Despite these variations 
the overall closed-loop response may be characterized as having 
a resonant peak of 6 to 9 dB at about 1*5 rad/sec. The most 
readily adjusted parameters of the system are the area of either 
power unit orifice, and the pre-load and rate of the diaphragm 
return spring. For a given orifice ratio, a, the power unit gain 
and time constant and their sensitivity to changes in parameter 
values are at a minimum when a is equal to the orifice charac¬ 
teristic quantity, fa, divided by the control pressure given in 
atmospheres. An increase in the area of both orifices while 
maintaining the above ratio, decreases the time constant. How¬ 
ever, this is limited by the resultant increase in throttle pulsing 
and valve seal problems. Both the gain and time constant are 
inversely proportional to the rate of the diaphragm return spring 
which thus provides some system adjustment. This must be 
done whis due consideration to the initial pre-load which shifts 
the operating point and also modifies the associated gain and 
time constant. Thus it is normally desirable to increase the spring 
rate but to maintain the same force load on the power unit. 
This can be done by reducing the pre-load accordingly. 

In summary, the system design is such that with these minor 
but purposeful adaptations the basic controller will operate 
satisfactorily with a large variety of engine and vehicle types. 

The author acknowledges with deep appreciation those 
engineers who developed the system and who provided so much 
assistance in the preparation of this paper. Particular mention 
must be made of D, L, Van Ostrom who developed the basic 
analogue computer model and set up many of the equations for 
the components. Also of W,M, Wang who conducted the computer 
experiments and made many helpful suggestions and corrections. 
However, the author remains fully responsible for any inaccuracies 
that may exist. The author also appreciates the considerable 
assistance of Mrs, N, Adams who typed the report. 

Nomenclature* 

Variables (including normal operating range)^ 

A Effective area of power diaphragm (cm®) 
d Duty cycle—dimensionless (0‘4-0*6 for steady state) 

e Velocity error (K, — Vt) (dz 1*6 km/h) 

G Road grade (%) 

Dynamic spring constant (g/deg) 

P Control pressure (0*88-0*95 atm or 900-980 g/cm®) 

Pe Engine manifold pressure (0*3-0*5 atm) 

Ta Torque available for acceleration (kg-m) 

Te Torque delivered from engine (kg-m) 

V Power unit control volume (160-115 cm®) 

Va Actual vehicle speed (40-100 km/h) 

Vi Speedometer indicated speed (40-110 km/h) 

Wa, Flow rate through atmospheric orifice (g/sec) 

We, Flow rate through manifold orifice (g/sec) 

Q Throttle angle (5°-20'») 

* Values shown are for a typical 1963 Buick automobile. 

t Maximum range of variables exceed normal operating range; 
time derivatives are indicated by superscript dot. 
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Constants and Other Symbols Used* 

Aa Area of atmospheric orifice (0-0132 cm®) 

Ae Area of engine manifold orifice (0-0085 cm®) 

^0 ^ea of power diaphragm for zero throttle angle (60 cm®) 
D Intercept of linearized orifice characteristic curve 

&ale factor for air flowing through an orifice 0-714® K* 
Discharge coefficient for orifice, dimensionless (0-9-1-0) 
Speedometer dial constant (1-77 deg/km/h) 

Speedometer drive shaft constant (62-3 deg/sec/km/h) 
Acceleration due to gravity (9-8 m/sec®) 

Speedometer inertia (0-138 g-cm/rad/sec'^ 

Spring constant, throttle linkage return (g/deg) 

Spring constant, power diaphragm return (g/deg) 

Power diaphragm area constant (1-29 cm®/deg) 


Ca 

Q 


Cp 

8 

Jh 

Ki 

Jfs 

Ka 

Kd 

Ke 

Kg 



•031 sec) 


Effective gain of engine (km/h/deg) 

~ir constant of the engine (km/h/per cent grade) 

Aft Spe^ometer hairspring constant (7-45 g-cm/rad) 

Kn Engme torque to engine speed ratio (kg-m/rev/min) 
p EffecrtiTC gain of power unit (deg/unit change in duty cycle) 
K, Total effective spring constant + JQ (174 g/deg) 

(0-StcmSS 

Power diaphragm volume constant (3-72cm*/deg) 

Torque constant of the engine (kg-m/deg) 

... Slope of orifice characteristic curve 

Engine to vehicle speed ratio (20-8 rev/min/km/h) 

/*« Atmospheric pressure (1033 g/cm®) 

Qr-4- Orifice flow constant (cm*/sec) 

K Gas constant for air (2920 cm/®K) 

Equivalent moment arm of engine (0-127 m) 

Proportional speed zone (effective range 10 km/h) 

Laplacian operator 

Orifice upstream ambient temperature (°K) 

Power unit volume for zero throttle angle (195 cm®) 

Set speed (km/h) 

Effective wei^t of the car, engine and passengers (2400 kg) 
Pre-load angle of throttle return spring (12-5 de^ 

W*W5)°^ 6“8«ne manifold orifice area to atmospheric orifice 

Effective time constant of engine (sec) 

Effective time constant of power unit (sec) 

Speedometer assembly transport lag (sec) 

* Values shown for basic parameters only. 


Kt 

Kp 

Kg 

m 


R, 

Ri 

s 

Tp 

Vg 

Vs 

«o 

a 

Te 

Tp 

A 


Addendum \ 

I 

The origm^ pap^ describes the operation of an' automotive spee 
OTntrol system and presente a linear analysis of the system based o 
sm^l signal conations. This addendum briefly reviews these subject! 

“*'^tion on the components, and summarizes th 
resulte after a year of general usage by the American driving pubHc 
IS sys em automatically controls the speed of a passenger car ti 
some preselected value and maintains this speed within close limits ii 
^t® presence of load variations and disturbances (grades, wind loads 

“ a conventional feedback control mannei 
wherein tee speed as measured by tee car speedometer is comparer 

“ converted from a mechani 
, «“«Ie to a Pidse ratio modulated electrical signal. The electrica 
signal IS amphfi^ and operates a pneumatic valve which controls th« 
^oi^ of enpne m^old pressure applied to a pneumatic powei 
unit. This device positions the engine throttle through a meeha nicai 


linkage such as to provide the required change in engine torque and 
teus reduce the error and maintain car speed. The system is di«/..np«gH 
by steppmg on the brake pedal or by pulling out the cruise g^Wf or 
switch. For safety the system cannot be engaged until the car has been 
brought up to speed by the driver. 

Pfameter values for a typical 1963 Buick installation are used in 
the theoretically derived transfer functions. The speed measurement 
sys em has an underdamped second order response with a natural 
frequency of 1-1 c/sec and a damping ratio of 0-1. With the addition 
of silicon damping this ratio can be increased to 0-2. Solution of gas 
flow equations teow that the pneumatic power unit is a first order 
system with a time constant that varies from 1-2 sec at low throttle 
angles to 1-6 sec at hi^ throttle angles (these values are revised from 
hose given m the original text). The engine/vehicle system with a 
standard teansmission also has a first order response with a time 
coMtant of 21 sec. The overall loop gain also depends on throttle angle 
and ranges from 38-32 db. These values combine to give a smootlily 
operating, stable system with an overall dynamic accuracy better than 
2mles/h over the expected wide range of road grade and wind loads. 
Diere theoretical results compare favourably with actual data obtained 
m laboratory testing and on the road. 

&veral additions to the paper are now considered. Reference is 
constant and gain of the power unit (eqns (27) and 
(28)). The duty c^fcle, d, can be eliminated from these expressions by 
obtaining an equivalent expression when the net weight rate of air 

flow IS ZMo (solve eqn (18) for fV = 0). This condition holds for smaB 
Signals. Thus 


T + KJ*A P„/i -f OtP 

' QK/t PJi+mP 


(27a) 


lPJ,+aPf 

” K^LPJa+mP} 


(28a) 


Since all of the above variables are functions of 8 only, tee gain and 
tune TOnstant of the power unit are also determined by the value of 8. 
•t to the development of tee engine/vehicle equations 

It should be noted that a standard transmission is specified. With an 
automatic transmission the engine/vehicle response is changed from a 
n«t order system to a second order system with a phase lead term. 
This result is presented without derivation. 

Almost a year has passed since this system has been offered to the 
motoring public as an option on the 1963 Buick car lines. Many 
thousands of systems have been made. These have been used through¬ 
out tee United States over tens of milUons of road miles. These pro¬ 
duction systenm have performed consistently close to tee design data 
presented herein and customer reaction has been favourable. The pre¬ 
cautions taken during design to ensure safety along with the extensive 
road testing prior to release for production have materialized in an 
excellent record clear of any personal iiyury or major mishap. These 
results teus verify that the system is a safe, high performance, publicly 
accepted, mass produced feedback control system. 
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ModMes Continus et Echantilloim^s de I’Opdrateur 
Humain Place dans une Boucle de Commande 

P. NAS LIN et J.-C. RAOULT 


Summary 

An analysis is presented of the behaviour of the human operator 
acting in a control loop. The experimental set-up essentially consists of 
a cathode-ray oscilloscope, a control lever with one degree of freedom, 
an analogue computer and a signal generator. A continuous model of 
the human operator is suggested, which is valid in the steady state, but 
does not provide for the interpretation of the noise present in the 
operator’s response. This model is a self-adaptive servo loop; within 
certain limits the model adapts itself to changes in the frequency 
spectrum of the input on the one hand and in the controlled system 
transmittance on the other. Investigation of the operator’s step response 
leads to the introduction of a subsidiary loop representirg kinesthetic 
feedback, and of sampling in the operator’s response. A sampled 
model, consistent with the continuous model previously described, is 
presented. 

Sommaire 

On pr6sente une analyse du comportement de I’op^rateur humain 
plac6 dans une cbatne d’asservissement. Le dispositif experimental 
comporte essentiellement un oscilloscope cathodique, un levier de 
commande k un degre de liberte, un calculateur analogique et \m 
generateur de signaux. On propose un module continu de I’operateur 
humain, valable en regime permanent, mais ne permettant pas I’inter- 
pretation du bruit qui aifecte la reponse de Toperateur. Ce module est 
un asservissement auto-adaptable en fonction du spectre du signal 
d’entree, d’une part, et du systfeme commande, d’autre part. Ces 
adaptations presentent des limites qui sont preci$ees dans la com¬ 
munication. Apres retude de la reponse de Toperateur k un echelon, 
on est conduit aux considerations suivantes: le sens kinesthesique 
realise une boucle de retour secondaire; I’operateur constitue un 
systeme echantillonne. On presente un modeie echantillonne dont les 
caracteristiques sont en accord avec celles du modeie precedemment 
V decrit. 

Ziisammenfassung 

Das Verhalten eines Menschen als Rcgelkreisglied (Bedienungsmann) 
wird untersucht. Die Versuchseinrichtung besteht im wesentlichen 
aus einem Elektronenstrahloszillograph, einem Steuerkniippel mit 
einem Preiheitsgrad, einem Analogrechner und einem Signalgenerator. 
Es wird ein kontinuierlich arbeitendes Modell des Bedienungsmannes 
vorgesohlagen, das filr den Behaiirungszustand gilt, aber f(ir die 
Deutung der l^hwankungen im Verhalten des Bedienungsmannes un- 


geeignet ist. Das Modell ist ein selbsteinstellender Nachlaufregelkreis. 
Innerhalb ge^visser Grenzen paBt sich das Modell selbsttdtig sowohl 
den ^derungen des Frequenzspektrums der EingangsgrSfle als auch 
den Anderungen im Obertragunsverhalten des Regelungssystems an. 
Die Untersuchung der Sprungantwort des Bedienungsmannes fQhrt 
zur EinfOhrung eines zweiten Regelkreises, der die propriozeptive 
Sensibilitfit als RiickfUhrung benutzt, zum Verstfindnis des Abtast- 
verhaltens und des Bedienungsmannes. Es wird ein Abtastmodell vor- 
gestellt, das dem vorstehend beschriebenen kontinuierlich arbeitenden 
Modell entspricht. 


Introdnction 

L’objet de notre dtude est d’interprdter le comportement de 
I’opdrateur humain placd dans une chaine d’asservissement. Son 
but est de rendre optimales les performances de cet asservisse¬ 
ment. 

11 s’agit d’un opdrateur assujetti k mettre en coincidence un 
objectif et un systfeme suiveur, L’opdrateur ddtecte visuellement 
r6^t entre leurs positions respectives et d6place, en fonction 
de celui-ci, un levier de commande. 

Citons comme exemples le pilote d’avion et le tireur de char. 

On distingue essentiellement deux modes de travail de I’opd- 
rateur. Us sont fonctions du dispositif de visde. Le fonctionne- 
ment est dit en poursuite, pour Tun, et en compensation, pour 
I’autre. En poursuite I’opdrateur voit Tobjectif et le systdme 
suiveur se ddplacer par rapport k axes des fixes. Cest lui qui 
dlabore la grandeur d’erreur. En compensation il ne voit que 
I’erreur. C’est le cas d’un opdrateur assujetti k mettre en coinci¬ 
dence le point de croisement des rdticules d’une lunette de visde 
avec I’image d’un objectif. 

Le comportement de I’opdrateur humain est essentiellement 
fonction des conditions dans lesquelles il travaille. II en rdsulte 
que I’analyse de ce comportement est trds difficile et que les 
rdsultats dtablis par les autres chercheurs qui se sont intdressds k 
celui-ci prdsentent une grande diversity. C’est pourquoi, au cotus 
de notre dtude, nous avons d’abord simplifid au maximum les 
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conditions de travail de Top^rateur et nous les avons peu k peu 
compliqu^es. 

Les r6sultats que nous pr6sentons dans cette communication 
sont relatifs a un objectif se d6pla5ant dans un plan vertical pas¬ 
sant par roperateur, le deplacement du levier de commande se 
faisant alors d’avant en arri^re et vice versa. 

Description de I’Appareillage 

Les dldments de base du dispositif experimental que nous 
avons utilise sont un oscilloscope et un levier de commande. 

. Lors d’un travail en poursuite le signal d’entr^e x et la r^ponse 
^ de 1 asservissement ok est incorpord Top^rateur sont materia¬ 
lises par deux spots qui se deplacent suivant une droite de 
plus grande pente sur Tdcran de I’oscilloscope. En compensa¬ 
tion, seule Terreur (x - y) est materialisee par un spot. 

Quant au levier de commande, sa rotation autour d’un axe 
est traduite sous forme eiectrique k I’aide d’un dispositif qui 
eiimine tout frottement sec. II est sounds k un couple de rappel 
proportionnel k I’eiongation. 

La I^gure 1 montre un op^rateur manipulant. 



L’appareillage comprend d’autres elements dont les plus 
importants sont un g^ndrateur de signaux et un cfllnilateur 
analogique. 

Le gdndrateur de signaux que nous avons le plus est 
un ensonble dlaborant une tension dont le spectre est constitud 
de quatre frdquences trds basses, du mime ordie de grandeur et 
premidres entre elles. Elies sont, avec une frdquence commune, 
dans les rapports respectifs 1/3,1/4,1/5, et 1/7. Nous avons cons- 
tatd que le signal ainsi obtenu est d’aspect assez aldatoire pour 
que I’opdrateur ne puisse, k chaque instant, prddire le ddplace- 
ment de Tobjectif. 

Ddfinition d’un Opdrateiv Adaptd 

Nous avons dtudid successivement, d’une part, le comporte- 
ment de I’opdrateur humain en rdgime permanent et plus parti- 
culidrement en rdgime harmonique, en donnant un sens large d 
ce mot et, d’autre part, son comportement en rdgime transitoire, 
notamment pour des signaux d’entrde composds d’dchelons! 
Nous nous somm^ efforcds, ensuite, de trouver un moddle de 
1 opdrateur qui soit valable aussi bien en rdgime permanent 
qu’en rdgime transitoire. 

Prdcisons que nous appelons rdgime harmonique le rdgime 
pendent qui correspond d un signal d’entrde composd de 
plusieurs sinusoldes. 


Une premidre expdrience nous a montrd que I’opdrateur 
humain ne peut rdpondre, en rdgime harmonique, d des signaux 
smusoidaux dont les frdquences sont supdrieures d 1,5 Hz. 

Compte tenu de ce rdsultat, nous avons divisd le domaine de 
frdquence qui intdresse I’opdrateur en trois parties ainsi ddiinies; 

de zdro d 0,4 Hz frdquences basses 
0,4 d 0,8 Hz frdquences moyennes 
0,8 d 1,5 Hz frdquences dlevdes 

Si Ton considdre la rdponse d un signal x de I’asservisse- 
mwt od est incorpord xm opdrateur inexpdrimentd quelconque 
en cours d’entra inement, on constate que I’erreur absolue 
moyenne |x ddcrolt d’abord, et se maintient ensuite d une 
certaine valeur. 

C’est pourquoi nous avons dmis I’hypothdse que, pour un 
opdrateur adaptd, il existe ime transmittance stable de I’opdra- 
teur humain placd dans des conditions bien ddfinies et que I’ex- 
pression de celle-ci est la mdme pour chaque opdrateur. 

Nous avons dtabli par ailleurs, qu’en dehors de certains cas 
hnutes tels que celui od I’dcart angulaire est, en moyenne, voisin 
de 1 acuitd visuelle, le comportement de I’opdratemr est celui d’un 
systdme lindaire. Appelons F{p) sa transmittance ainsi ddfinie: 




L(p) 

X(p)-Y(p) 


^(p)> Y(p) et Up) dtant les transformdes de Laplace ySpectives 
de x(/), y{t) et /(r), / ddsignant le ddplacement de la main de 
1 opdrateur. 


Ddtermiiiation d’une Transmittance de I’Op&ateur Fonctioimant 
en R^ime Harmonique Lorsque le Systdme Commandd est un 
Simple Amplificateur 

Nous nous sommes d’abord propose de d6terminer une ex¬ 
pression de la trammittance F(j>) relative au fonctionnement, 
en regime harmonique, de l’op6rateur associ6 au systdme com- 
mand6 le plus simple, k savoir un amplificateur de gain En 
d^ignant par le gain de la commande manuelle, la trans¬ 
mittance de I’ensemble qui suit I’op^rateur est alors S(p) = K 9 
avec = K^Ka. 

Le schema fonctionnel de I’asservissement ok est incorpord 
l’op6rateur est alors celui de la Figure 2 , L’exp6rience montre 
que si le spectre du signal d’entrde s’dtend jusqu’^ la frdquence 
1,2 Hz, la rdponse y de Tasservissement ok est incorpord I’opdra- 
teur est ddcalde en moyenne de 0,2 s par rapport au signal 
d’entrde x, le gain de I’asservissement dtant unitaire. Pour des 
frdquences comprises entre 1,2 et 1,5 Hz, la rdponse prdsente un 
certain alfaiblissement et un ddcalage qui atteint 0,3 s. 

. Les considdrations ci-dessus nous ont amends a considdrer 
I’asservissement ok est incorpord I’opdrateur comme un dldment 
engen<hant, entre zdro et 1,2 Hz, un retard pur de 0,2 s, la 
transmittance correspondante dtant de 




^(P) 


‘1 

I 

J— 


Figure 2 


K2 
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On demontre que la transmittance de la chaine d’action de 
I’asservissement est alors, dans le domaine de frequence 
26 ro—1,2 Hz, 

D(p) = 5ly- 

L’expression correspondante de la transmittance de Top^ra- 
teur humain est: 

e-o,ip 5 

f(p)=-Ki—— avecJCi=^ 

En d’autres termes, Toperateur se comporte comme nn 616- 
ment 61aborant une int 6 gration pure et un retard pur de 0,1 s. 
Son gain est ajust 6 en fonction du gain K 2 , de mani 6 re que 
le gain K de la chaine d’action ait pour valeur 5 lorsque le 
spectre de fr 6 quence du signal d’entr 6 e est 6 tendu jusqu’aux 
fr 6 quences 61ev6es. 

Par contre, aux faibles fr 6 quences, I’expdrience montre que 
la transmittance de la chaine d’action oh est incorpor 6 rop 6 ra- 
teur est bien repr 6 sent 6 e par I’expression 9 Le d 6 calage 

entre et jc est alors de 0,1 s, le gain 6 tant encore unitaire. La 
transmittance de I’asservissement oh est incorpor 6 l’op 6 rateur 
pr 6 sente alors une r 6 sonance de +6 dB qui est sans action sur 
le signal d’entr 6 e. 

Les Figures 5 et 4 reproduisent les r 6 ponses de I’asservisse- 
ment oh est incorpor 6 rop 6 rateur et celles du simulateur lorsque 
le spectre du signal d’entr 6 e ne comporte que des fr 6 quences 
faibles. La Figure 3 correspond k un travail en poursuite et la 
Figure 4 knn travail en compensation. 

En r 6 sum 6 , I’asservissement oh est incorpor 6 rop 6 rateur 
peut 6 tre repr 6 sent 6 par un asservissement k retour unitaire dont 
la chaine d’action a pour transmittance K((£r^»^^lpX le gain JST 6 tant 
ajust 6 entre 5 et 9 en fonction du spectre du signal d’entr 6 e. 

Le mod61e continu que nous venons de pr 6 senter, valable 
lorsque le systhme command 6 est un simple amplificateur, I’est-il 
encore lorsque le syst 6 me command 6 est quelconque? 

Processus de PAdaptation de I’Opdrateur au Syst 6 me Cominandd 

Nous avons associ 6 I’opdrateur k des systemes linaires de 
transmittance simple. L’exp 6 rience montre que I’opdrateur mo- 
difie sa transmittance en fonction du systhme command 6 . 



Figure 3 



Figure 4 


La loi d’adaptation est la suivante. L’operateur modifie sa 
transmittance FO) de mani 6 re k laisser inchang 6 e la trans¬ 
mittance D(p) de la chaine d’action lorsque la transmittance 
S(j)) du systhme command 6 varie. L’expression de la trans¬ 
mittance D(p) est celle que nous avons trouv 6 e dans le cas oh 
le syst 6 me command 6 est un simple amplificateur, c’est-a-dire 

K- - 

P 

K 6 tant ajust 6 entre 5 et 9 en fonction du spectre de fr 6 quence 
du signal d’entr 6 e. 

1 -h p 

Prenons un exemple. Lorsque Sip) --> la trans¬ 
mittance de I’opdrateur humain est: ^ 


Cependant I’adaption au systhme command 6 est d’autant 
plus difficile que la transmittance de celui-ci est diff 6 rente d’une 
constante. II en r 6 sulte, d’une part, que la pr 6 cision de I’asser- 
vissement oh est incorpor 6 rop 6 rateur est optimum lorsque le 
systhme command 6 est un simple amplificateur {Sip) = JQ, 
et d’autre part, que I’association de I’operateur et du systeme 
command 6 pr 6 sente des limites. 

K 

L’une des limites correspond k S(p) = - - - \ -r et 
I’autre k S(p) = K^p. ^ 

II est bien entendu que les r 6 sultats que nous pr 6 sentons sont 
valables pour un op 6 rateur ne pouvant utiliser sa m 6 moire pour 
pr 6 dire la loi de variation du signal d’entr 6 e. 

La Figures correspond a S{p) == elle repr 6 sente les 

P 

r 6 ponses respectives de I’asservissement oh est incorpor 6 rop 6 ra- 
teur et du simulateur k un m 6 me signal d’entr 6 e dont le spectre 
ne comporte que de faibles fr 6 quences. 

II r 6 sulte de nos conclusions une application 6 vidente. On 
s’efforcera d’interposer entre I’organe de commande et le sys- 
t 6 me command 6 un filtre dont la transmittance s’identifie, dans 
le domaine de fr 6 quence int 6 ressant rop 6 rateur, k la trans¬ 
mittance inverse de celle du systhme command 6 (Figure (5). 
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Figure 6 


IVai^ttance de POp^rateur R^pondant d on Echelon Lorsque le 
S3^teine Command^ est un Simple Amplificateur 

On pouvait se demander si le meddle continu que nous 
venons de ddcrire est encore valable en rdgime transitoire. Aprds 
avoir ddmontrd qu’il n’en est rien, nous avons analyst le com* 
portement de I’asservissement ob est incorpord I’opdrateur dans 
le cas particulier oil le systdme commandd se rdduit k un simple 
amplificateur. Nos conclusions sent les suivantes: 

^rsque I’opdrateur connait k I’avance I’amplitude de 
1 echelon qui lui est prdsentd, la transmittance de I’asservisse- 
ment oil il est incorpord pent dtre rdpresentde par: 

H (p)=e““'’ W{p) avec m=0,2 s et 

Fr(p)= - 5 -;- \ _ 

1+a* (hp)+a^ ihp)^+a^ (hp)^ ++ (hp)^ 

1m valeurs de « et A qui correspondent k la moyenne des rdponses 
des opdrateurs dtant« = 1,9 et A = 1/20. 

La Figure 7 reproduit la rdponse k un dchelon de I’asservisse- 
ment oil est incorpord I’opdrateur et celle du systdme de trans¬ 
mittance W{j>\ les valeurs respectives de « et A dtant 1,9 et 1/20. 

Par contre, lorsqu’on applique k Topdrateur une sdrie d’dche- 
lons d’amplitudes diffdrentes et non connues k I’avance par lui, 
il r^pond par une suite de deux rdponses. La premiere est la 
rdponse a un dchelon dont I’amplitude est la plus probable 
<»mpte tenu des amplitudes des dchelons prdeddents. Si a, est 
lamphtude de I’dchelon vrai, la seconde est la rdponse 4 un. 
dchelon dont I’amplitude est (<% — aj). 

On obtient des rdponses semblables en changeant le gain JSr» 
du systdme qui suit I’opdrateur lorsque celui-ci est soumis 4 un 
tram d’dchelom ayant la mdme amplitude {Figure 5). 

Les rdsultats que nous venons de prdsenter montrent que 

(Jufa SSTm/' d’amortissement Automatisme 


la rdponse de I’opdrateur est, en gdndral, constitude d’une suite 
de rdponses k des ordres 61abor6s par le cerveau. Chacune de ces 
r6ponses ne faisant pas intervenir Terreur (x — y\ on en d^duit 
qu il existe une chaine de retour secondaire due au sens ki- 
nesthdsique. 

Le schema fonctionnel qui permet d’interprdter le comporte- 
ment de I’opdrateur humain est alors celui de la Figure P. 



Figure 9 
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Nous constatons que la grandeur de sortie de Toperateur est 
un ddplacement et non une force et que la dynamique de la 
commande manuelle se trouve incorporee dans la boucle de 
Tasservissement secondaire. La transmittance de cet asservisse- 
ment est fV(p) a un coefficient d’amplification pr^s. 


Influence de la Dynamique de la Commande Manuelle sur la 
Rdponse de POp^rateur 

La presence d’une boucle secondaire dans le schema fonc- 
tionnel de Passervissement oil est incorpore Popdrateur permet 
d’interprdter Pinfluence de la dynamique de la commande manu¬ 
elle sur le comportement de Poperateur humain. 

Nous avons constatd que la rdponse de Popdrateur k un 
dchelon est inddpendante de cette dynamique. En premidre ap¬ 
proximation, il en est de mdme pour la rdponse en rdgime 
harmonique. 

II en rdsulte que la transmittance fV(p) de Passervissement 
secondaire est, en premidre approximation, inddpendante de la 
dynamique du systdme de commande. 

Nous avons dtabli cependant, que Passervissement ou est 
incorpord Popdrateur est plus prdcis, en valeur moyenne, lorsque 
la mdcanique de la commande manuelle exerce une force de 
rappel assez sensible, proportionnelle k Pdlongation. 

Ce rdsultat s’interprdte par le fait que, pour compenser la 
force de rappel k laquelle est soumise la commande manuelle, 
Popdrateur doit exercer une force qui constitue une mesure assez 
prdcise du ddplacement / de la main. Dans ces conditions, Paction 
de la chaine de retour kinesthdsique est elle-mdme plus prdcise. 


L’opdrateur Humain Considdrd comme dtant Essentiellement un 
Systdme k £chantillonnage 

Compte tenu, d’une part, des rdsultats de notre analyse de la 
rdponse de Popdrateur k un dchelon, ct, d’autre part, du fait 
qu’en rdgime harmonique sa rdponse prdsente un bruit qui peut 
dtre attribud k un dchantillonnage, nous nous sommes proposd 
de rdaliser un simulateur dchantillonnd de Poperateur humain, 
en nous limitant au cas ou le systdme commandd est un simple 
amplificateur. 

Le modele dchantillonnd de Passervissement ou est incorpord 
Popdrateur devait satisfaire aux conditions suivantes: sa rdponse 



Figure 10 


ddpouillde du bruit s’identifie k celle du simulateur continu; le 
bruit qui aflfecte sa rdponse est semblable k celui que Pon trouve 
dans la rdponse de Popdrateur humain. 

Nos recherches nous ont conduits k Passervissement dchan¬ 
tillonnd dont le schdma est reprdsentd par la Figure 10: dans le 
cas ok S(p) se rdduit k une constante. 


En appelant /AjO?) et //g W transmittances des dldments de 
la chatne d’action placds respectivement avant et aprds Pdchan- 
tillonneur, nous avons: 

lii(p)=^ + TiP 


Kh dtant le gain de Popdrateur. 

L’expression de lV(j)) est celle que nous avons donnd plus 
haut, lors de Pdtude de la rdponse de Poperateur k un dchelon. 

Si nous assimilons les impulsions larges de prdldvement a 
des impulsions larges dont Pamplitude est constante pendant 
toute la durde 0, on peut considdrer que les impulsions de prd- 
Idvement sont infiniment fines et que Pon a: 

, . l-e"*" fp X* . 

P2(P )=— - - ^ -j-W(jp) 


Le comportement du simulateur qui vient d’dtre ddcrit de¬ 
pend de six paramdtres Tj, a, h, 6 et K^. Nous avons dtabli 
que, pour un signal d’entrde donnd, on peut obtenir une rr 6me 
rdponse moyeime du simulateur pour plusieurs valeurs de ces six 
paramdtres. Naturellement, le bruit d£l a Pdchantillonnage est 
fonction du chobc de ces valeurs. 

L’analyse des rdponses de plusieurs opdrateurs montre que 
Popdrateur humain utilise une frdquence d’dchantillonnage 
variable de 1 d, 4, ce qui rend difficile sa simulation et Panalyse de 
son comportement. Afin de pallier cet inconvdnient, nous avons 
dtudie les comportements d’une sdrie de simulateurs fonction- 
nant avec une frdquence d’dchantillonnage constante. 

Traitons succintement un exemple. Prenons = 0,4 s 
(valeur correspondant k un grand nombre de rdponses d’opdra- 


teurs), 0 = = 0,08 s (valeur supdrieure a la persistence rdti- 


nienne), a = 1,9 et ^ = 1/17. 

La Figure 11 reprdsente la courbe de transfert ordinaire et 
la courbe de transfert dchantillonnde de /^(p) les valeurs 
correspondantes du gain dtant respectivement 1 et TJ6, Ces 
courbes sont relatives k une constante de temps de 1 s. Cette 
valeur est celle qui rend le point I (i3/2) de la courbe de transfert 
dchantillonnde voisin de Porigine 0, Q dtant la pulsation d’dchan¬ 
tillonnage. 



b_ 




Courbes 

1 

® 06 



Figure 11 
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La simulation est r^alisee avec un gain 6gal k TJB, c’est- 
a-dire 5, lorsque le spectre du signal d’entr^e ne comporte que 
des frequences faibles. Pour des frequences moyennes, ce gain 
doit etre plus faible. 

I-e calcul et 1 experience montrent que le modeie que nous 
venons de decrire est satisfaisant. 

Precisions que nous avons utilise, pour connaitre la reponse 
du simulateur k un signal d’entree sinusoidal, le produit des 
transmittances suivantes: 


1 




tions des parametres des transmittances qui interpretent le com- 
portement de I’operateur humain, lorsque Ton considere un 
grand nombre de sujets. 

Les travaux de recherches que nous venons de presenter ont 
fait Tobjet d’une these de Doctorat es Sciences soutenue par 
Pun des auteurs de la presente communication, Tlngenieur civil 
J.-C. Raoult. 

Ils ont ete eflfectues au Laboratoire Central de rArmement, 
Arcueil (Seine), sous la direction de I’lngenieur en Chef Naslin! 

Bibliographie 


La Figure 12 represente les reponses k uh meme signal, de 
1 asservissement oh est incorpore Toperateur et du simulateur 
realise en donnant aux parametres les valeurs suivantes: 



Figure 12 


voisin de TJO^ c’est-h-dire 5. On note la ressemblance des 
deux reponses. 

Ajoutons, enfin, que Tintervalle d’echantillonnage minimum 
utilise par I’operateur humain est de 0,3 s. 

Application de Notre £tude 

Nous indiquerons seulement Papplication pratique la plus 
importante: il est recommande d’associer Poperateur h un sys- 
teme dont la transmittance se reduit k une constante. 

Conclusions 

L^ resultats de notre etude ont ete etablis avec un nombre 
restreittt d’operateurs. II faudrait maintenant etudier les varia¬ 
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DISCUSSION 


G. Vossius, Institut fur Animalische Physiologic, Frankfurt a. M. 
Ludwig-Rehn^Str, 14, Gerrrumy * 

If I understood correctly, the operators could not follow input signal 
frequencies over 1-5 c/sec. In fact our operators ‘followed’ correctly 
fr^uencies of up to 4-5 c/sec, the limit frequency of hand movements 
Ivmg at about 10 c/sec. 


P. Nasun and J.-C. Raoult, in reply 

The limit frequencies of interest depend on the arrangement of the 
control lever and on the direction of motion with respect to the 
operator s body. In this case, the operator moved the lever backwards 
and forwards in such a manner that the whole arm was involved. 

In these conditions, the operator can respond to a sinusoidal input 
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Up to 5 c/sec, but he cannot actually ‘follow’ the input beyond 1-5 c/sec. 
For higher frequencies, he merely reproduces the input frequency, 
with no attempt to control his amplitude of oscillation, so that his 
coupling with the input becomes very loose and he relies heavily upon 
his memory and other internal capabilities. He reacts in an internal 
mode synchronized by the input. He can even close his eyes for some 
time. 

Summing up, it is maintained that, in the conditions indicated 
above, the limit frequency for actual control of the output is of the 
order of 1 *5 c/sec, even for a pure sinusoidal input. 

G. Vossius 

There are some objections to developing a model of hand tracking 
which consists of only one branch which incorporates a sampler. There 
is no doubt that hand-tracking movements are sampled. Firstly, the 
response to a step input is the same as that for a sampled-data system, 
secondly, very slow movements (e.g, sinusoidal) are followed by a 
series of steps. 

However, if one considers a movement which is hard to learn, for 
example a periodic input which consists of five harmonic oscillations, 
during the learning phase some continuous movements are inserted to 
correct the output. Such continuous movements cannot occur in a 
purely sampled system. 

This is observed most clearly in the following experiment. A sinus¬ 
oidal oscillation of 3 c/sec was sampled at a sampling frequency of 
4 c/sec. Initially the operator followed the input at 3 c/sec. After ‘losing 
his rhythm’ he followed at the difference frequency of 1 c/sec. 

From experiments using different input signals with the same cor¬ 
relation functions, and from experiments using periodic and aperiodic 
inputs formed by superposition of five sinusoidal oscillations, it can 
be shown that besides the sampled branch there is at least one branch 
which learns by forming a model. There is also the ability to foresee 
what will happen during short or long time intervals (i.e. a forecast 
of the next phase of movement and of its periodic characteristics). 
These different modes of action are chosen according to the shape of 
the input signal. 

Concerning the problem of discrete perception, I have to add that 
physiologists have known for a long time the so-called ‘perception 
time’. Two events happening within this interval of time, for example 


one green and one red light flash, cannot be recognized as not being 
simultaneous. For the sense of sight, this ‘perception time’ is of the 
order of 0*1 sec. 

P. Nasun and J.-C. Raoult, in reply 

It should be stressed that our work is concerned exclusively with the 
operator’s response to unpredictable input signals. Even for an input 
containing only four unrelated sinusoidal components, the amount of 
actual prediction in the operator’s behaviour is negligible. The smooth¬ 
er portions of the operator’s response may be accounted for in the 
following manner in the light of our sampled model. When the operator 
is well adapted to his task and if the latter is not too difficult, he selects 
a large phase-advance time constant which, being in front of the 
sampler, provides the familiar ‘anticipatory’ control action. The large 
phase advance makes it possible to select such values for the para¬ 
meters <x and h in W{p) as to increase the effectiveness of fV(p) as Si 
low-pass filter, thus eliminating most of the harmonics introduced by 
sampling. These factors seem to be sufficient to explain the smoothing 
effect observed. 

The complete diagram summarizing the results of our work is that 
of Figure A, It comprises two sorts of memories, a long-term memory 
which performs a prediction and feedforward action and comes into 
play in the case of predictable signals only, and a short-term or ‘cor¬ 
relative’ memory which is used to adjust the system parameters by 
comparing the present input to its values in the recent past. On the 
other hand, the overall transmittance of the two secondary-feedback 
loops is W (p). 

As regards the experiment reported in the third paragraph of 
Dr. Vossius’s observations, we fail to perceive how the operator (or 
any other device for that matter) could possibly reconstruct a 3 c/sec 
sinusoid from samples taken at a frequency of 4 c/sec. 

E. Jury, Unioersity of California^ Berkeley^ California^ US.A, 

In this discussion, I would like to ask the following two questions 
whose clarification would hopefully add to the interesting and useful 
contents of this paper. 

(1) The authors are well justified in representing the human 
operator, for low frequencies, by a linear transfer function, although 
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actually it is non-linear. In view of this justifiable linearization, I would 
like to ask the authors whether they feel strongly in support of the five 
time constants in the equation of W (p) for a step input or whether a 
more simplified version of two or three time constants, as proposed by 
other authors, is equally acceptable or justifiable? 

(2) I would like to ask the authors how they arrived at the sampled- 
data model of F^ure 101 Furthermore, the fact that ‘no pure delay’ 
is incorporated in the transfer function of the sampled-data model, 
while existing in the continuous model, I believe need some comments. 
This is important in view of the fact that in the papers of Bekey, and 
Yoimg, and in theworkof Westcott etal, the puredelay is incorporated. 

In closing these brief remarks, I might mention that in our recent 
sumy of the literature of biocontrol systems, published in the I.E.E., 
P.G.A.C., we came across the work of Ward of Australia in 1958, in 
which he proposed the sampled-data model for the human operator 
in control systems. This extensive experimental work was not published 
m a regular journal but is available as a Ph. D. thesis. We believe this 
work is the first to advocate and justify the sampled-data model as 
correctly pointed out by the present authors. 
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P. Nasun and J.-C. Raoult, in reply 

ProfMsor Jury is to be thanked for his two very pertinent questions, 
which indeed require some additional comments. 

(1) The polynomial in the denominator of Wip) of the second 
continuous model for step inputs is a member of a family of poly¬ 
nomials developed by one of the authors in conjunction with a new 
damping criterion. (In addition to the reference given in a footnote of 
the paper, a more recent and complete account of these polynomials 
and their applications will be found in a later work^) The polynomials 
^e characterized by a damping factor a and a characteristic time h. 
In the present instance, such a polynomial was adopted in order to be 
able to adjust independently the step-response overshoot by means of 
a and the shape of the initial portion of the response by a suitable 
choice of the degree. The best results have been obtained with the fifth 
degree and the values given for a and h, 

(2) In the sampled mode], the response delay is accounted for, in 

contained in and partly by the large phase 
shift of Wip) at the higher frequencies. It does not need to be in the 
form of a single pure delay, so long as the required gain and phase 
characteristics ^ obtained in the frequency band of interest. 

VP*® various elements of the sampled model of Figure 10 may 
be bn^y justified as follows. The term W(j>) of the second continuous 
model for step inputs has to be present because the output of a physical 
Mmpled-data system results from the superposition of step responses. 
The sampling frequency was derived from a direct analysis of the re- 
TOrds and was observed to vary between 1 and 4 c/sec. The sample 
duration was chosen in agreement with the perception time of 0-1 sec. 
No hold was introduced (except the fictitious hold accounting for the 
mite s^ple duration), because the additional phase shill made it 
mpossible to obtdn a stable closed loop with the required gain. In 
fact, stability considerations required the introduction of a phase-lead 
tune constant Ti in front of the sampler; Ti is so chosen as to place 
the pomt of frequency 13/2 of the unsampled Nyquist locus on the 
imagmary axis (see Figure f/ , of the paper), so that the coiresponding 
point of the sampled locus be located in the vicinity of the origin, which 
yiel^ large gain and phase margios for the required open-loop gain. 

Finally, we thank Professor Jury for adding an appmentlv basic 
reference to our list. 


Reference 

^ Nasun, P. Polyndmes normaux et critere d’amortissement. Auto- 
matisme (Mai et Juin, 1963) 


L. R. Young, Massachusetts Institute of Technology, 77 Mass. Avenue 
Cambrige 39, Mass. U.S.A. ’ 


The problem underteken by the authors is one of the most difficult in 
the field of description of the human operator—namely the develop¬ 
ment of a model which is valid for all fully adapted states of operation 
and also for the transition period between fully adapted states. 

In their determination of quasi-linear human operator models as 
it varies with input spectrum and controlled element dynamics, the 
authors have apparently used the observed average delay betvieen in¬ 
put and response. Quasi-linear approximations were reviewed by 
McRuer and Krendel in 1957, and Sheardon in 1960. In particular, 
‘best fit’ linear approximations, generally in terms of the human 
operator transfer function 


D(s)= 


JCe-”(l + T^s) 
(l+Es)il + T„s) 


have been described by Tustin, Russel, Krendel, Hall and others, using 
forms of spectral analysis. The dependence of open-loop gain on input 
frequency spectrum was demonstrated by Elkind in 1956, with quasi- 
linear models generally accounting for better than 95 per cent of the 
operator’s response energy. 

The optimum form of the controlled element was investigated by 
Birmingham, ChemikoflF and Taylor. The first question is therefore: 
how do the authors’ quasi-linear models compare with those obtained 
earlier, and what technique was used for identifying the closed-loop 
transfer function as pure delay? 

In their discussion of operator step response following a change 
in controlled element gain, the authors show the ‘plant adaptive’ 
tehaviour of the human operator in adjusting his own gain. We find 
similar responses to those of Figure 8 with or without a spring- 
restrained control. In a recent report we (Young, Green, Elkind and 
Kelly) present, the average error curves generated by the human 
operator following various sudden changes in controlled element 
dynamics. 

It is possible to consider the adaptation as based on evaluation of 
successive samples of error only—without necessarily considering any 
kinesthetic feedback. 

Thus I believe that whereas the authors* interesting models provide 
useful and testable hypotheses about human tracking, there is no 
indication that they are unique. 


P. Naslin and J.-C. Raoult, in reply 

There are two basic questions in Professor Young’s interesting com- 
tnents: (a) justification for identifying the closed-loop transmittance to 
a pure delay ; (6) justification for the introduction of a kinesthetic feed¬ 
back. Both justifications are indeed required. 

(1) Before answering the first question, it should be remembered 
that the four frequencies present in the input signal cover a frequency 
band of about one octave only. The justification for making use of 
such a narrow-band input signal should, therefore, be given. If the 
operator is faced with a wide-hand input, it is not likely that he will 
adjust himself to the overall spectral density of the input, but rather 
to local characteristics, i.e. to the dominant frequency present in small 
portions of the input signal. This is reminiscent of the manner in which 
a rough frequency analysis of a time signal may be carried out by fit¬ 
ting portions of sinusoids to small enough portions of the signal. 

This being said, we observed that, for a given value of the input 
mean frequency, the output signal could be considered in a first ap¬ 
proximation as bemg delayed by a fixed amount with respect to the 
input. This does not mean that we ^identify* the closed-loop behaviour 
to a transportation lag producing a unity gain and a linearlv increasine 
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phase over the whole frequency spectrum. We only wish these charac¬ 
teristics to be realized in the limited frequency band of the input signal. 
This is precisely what we obtain with the open-loop transmittance 
adopted for the first continuous model. Furthermore, it was not found 
possible to improve this model by introducing additional time con¬ 
stants in the open-loop transmittance. Additional time constants only 
appear in the operator’s response to compensate for the time constants 
present in the transmittance of the controlled system, within the limits 
given in the paper, 

(2) When we started our work, we did not know whether the 
operator’s output was displacement or force. This is the reason why 
we started to work with a light frictionless spring-restored lever, for 


which the transmittance between force and displacement is a constant. 
At a later stage, we modified in various fashions the control-lever 
dynamics and found that the effect on the operator’s transmittance 
was negligible. We therefore concluded that the operator’s output was 
displacement, and not force. The kinesthetic feedback, which is known 
to exist, is an internal local feedback which helps the operator to ad¬ 
just his force in order to produce a desired displacement for a wide 
range of the control-lever dynamics; in other words, the kinesthetic 
feedback is contained in the transmittance IV(p) (Figure 0* This is 
confirmed by the fact that the presence of a restoring spring, which 
provides an additional external displacement feedback, improves the 
overall control accuracy. 
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Discrete Models of the Human Operator in a Control System 

a A. BEKEY 


Summary 

This paper presents the development and analysis of a new class of 
mathematical models of the human operator in a closed-loop control 
system. The models are based on the hypothesis that the input-output 
behaviour of the operator is characterized by sampling, data recon¬ 
struction, and extrapolation operations. 

Systematic procedures for determining the characteristics of the 
proposed sampled-data models are presented. The frequency response 
characteristics of the discrete models with stationary random inputs 
are analysed by means of z transform techniques. Closed form expres¬ 
sions are derived for computation of the power spectral density of 
the model output and error signals. 

An experimental programme was designed to test the feasibility of 
the hypothesis. The power spectral density of the tracking error and 
the output of a number of operators were measured. The experimental 
results are compared with those predicted by the model. 

For the type of inputs considered in this study, the outputs from 
the discrete models approximate the experimental data more closely 
over a wider range of frequencies than those obtained from the quasi- 
Imear continuous models previously employed to represent the 
human operator. 


Soimnaire 

Ce travail pres6nte le d^veloppement et I’analyse d’une nouvelle classe 
de modules math^matiques de Top^rateur humain dans un systtoe de 
commande automatique k boucle fermte. L’etude des modules est 
bas^ sur Thypoth^e que le fonctionnement de Top^rateur quant au 
signaux d entree et de sortie est caract6ris6 par une correction p6riodi- 
que, la reconstruction des informations et les operations d’extrapola- 

Des methodes syst6matiques pour determiner les caracteristiques 
des modeles discrets proposes sont presentees. Les caracteristiques de la 
courbe de reponse des modeles discrets ayant des entrees aieatoires 
stationnaires sont analysees au moyen des transformations z. Des 
formules k forme fermee sont derivees pour le calcul de la densite 
spectrale de puissance des signaux de sortie et des signaux d’erreur du 
modele. 

Un programme experimental a ete etabU pour verifier la justesse 
de rhypothese. La densite spectrale d’erreur de poursuite et les signaux 
de sortie d’un nombre d’operateurs ont ete mesures. Les resultats 
experimentaux sont compares ^ ceux qui ont ete predits par le modele. 

Pour le type de signaux d’entree consideres dans ce travail, les 
signaux de sortie des modeles discrets s’approchent des donnees 
ex^nmentales avec une exactitude plus grande et sur une gamme de 
valeurs plus large des frequences que les donnees qu’on obtenait des 
modeles continus quasi-lineaires utilises auparavant pour representer 
roperateur humain. 

Zusammenfiissung 

Dieser Beitrag bringt die Entwicklung und Untersuchung einer neuen 
^as^ nmthematischer Modelle fur das Verhalten des Menschen als 
Regelkreisglied. Die Modelle beruhen auf der Annahme, dafi das 
zwischen Eingang und Ausgang betrachtete Verhalten des Bedienungs- 
mannes durch Abtastung, Datenrtickgewinnung und durch Extra¬ 
polation gekennzeichnet ist. 

Systematische Verfahren zur Bestimmung der Eigenschaften des 
vorgeschlagenen Abtastmodells werden angegeben. Mittels der 


Methode der z-Trmsformation wird der Frequenzgang des diskreten 
Modelles bei stationaren Zufallseingangen imtersucht. Geschlossene 
Ausdriicke zur Berechnung der spektralen Leistungsdichte des Aus- 
pngsignales und der Regelabweichung des Modells werden abee- 
leitet. 

Es wurde ein Versuchsprogramm entwickelt, urn die GUltigkeit der 
Hypothese zu priifen. Die spektrale Leistungsdichte der Regel¬ 
abweichung und der AusgangsgrdBe einer Anzahl von Bedienungs- 
leuten wurde gemessen. Die Versuchsergebnisse werden mit den vom 
Modell bestimmten verglichen. 

Die in dieser Untersuchung betrachtete Art der Eingangsgrdfie 
fuiut auf AusgangsgrSBen des diskreten Modells, die innerhalb eines 
groBeren Frequenzbereiches eine bessere Annfiherung an die Ver- 
suchsergebni^e liefern, als die von quasi-linearen kontinuierlichen 
ModeHen, die bisher zur Simulierung des Menschen Verwendung 
fanden. 


Introduction 

Previously, mathematical representations of the input-output 
behaviour of the human operator in a control system have been 
based almost exclusively on the assumptions that the operator 
is an approximately linear continuous element. A block diagram 
of such a system is shown in Figure L The display acts as a sub¬ 
traction device and the operator attempts to reduce the error 
signal to zero. The mathematical models most conunonly used 
to represent the human operator in a system such as Figure 1 
consist of line^ differential equations whose coefficients depend 
on the bandwidth of the input signal and on the dynamics of the 
controlled element. The present status of such quasi-linear 
representations is analysed in detail iri the literature^-^. 

Display Error 

t 1 f" * T /i——I — System 

Input ! t/ 0 \ I /A Human loutput Controlled output 
r(/) ^ element c(/) 

_ Feedback signal _ 

Figure L Block diagram of tracking loop 

The major objective of this paper is to present the results of a 
study of a class of mathematical models of the human operator 
wWch depend on discrete rather than continuous^operations.Inter- 
mittent processes inhuman tracking have beenhypothesized in the 
past®-*^ and this research was undertaken to study this hypothesis. 

Background 

The development of mathematical models for human 
operators began late in World War II when human trackers were 
widely used in target tracking for anti-aircraft guns and similar 
devices. The first engineering approaches to the problem were 
reported by Tustin* in England and Ragazzin? in the U. S. Both 
investigators attempted to describe the human operator's 
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performance by a linear differential equation. However, the 
construction of an adequate model for the human operator, even 
for a particular task (such as tracking in one dimension) is 
extremely difficult. This difficulty arises in part from the inherent 
variability of human performance and in part from the high 
degree of adaptability of the human operator. Thus, when 
tracking simple periodic inputs, the human operator is capable 
of learning their nature and predicting their future course 
sufficiently well to make his performance qualitatively different 
from that resulting when he tracks unpredictable inputs^. In 
order to eliminate this effect on the operator’s performance, either 
random or at least random-appearing inputs have been used. 

Non-linear representations of the human operator have also 
been explored. However, the difficulties encountered in analysing 
complex non-linear systems have limited the amount of work 
done in this field^®. . 


The Quasi-linear Continuous Model 


For random-appearing inputs, such as sums of sine , waves of 
non-harmonic frequencies, linear continuous models are 
usually obtained experimentally^* A method due to Booton^^ 
is used to determine the linear relationship which yields the 
minimum mean square approximation to the operator’s output 
for a Gaussian input process. The resulting experimental data are 
fitted with a frequency domain relationship of the form 


GhO'o))= 


(1 +j(oTif) (1 +JcoTi) 


( 1 ) 


where co is the natural frequency in rad/sec 

3V, 7i, Tj are constants which depend on input, bandwidth 
and controlled element dynamics, 

K is the model gain, primarily a function of input bandwidth, 
and 

D is the time delay associated with the data transmission and 
data processing (‘reaction time*) by the operator. 



Figure 2. Quashlinear continuous model of the human operator 


The quasi-linear model also includes a noise generator which 
contains that portion of the output which is not accounted for 
by eqii (1), as shown in Figure 2. The work of a number of 
investigators^* ^,;has shown that the noise term accounts for less 
than 5 per cent of output power when the input signal band¬ 
width is restricted to frequencies lower than about 0*5 c/sec. 

Difficulties with the Quasi-linear Continuous Model 

The quasi-lin^r continuous model gives impressive evidence 
of the nearly linear behaviour of the human operator when 
tracking signals of low frequency. However, the model suffers 
from a nuihber of drawbacks in addition to the frequency 
limitations. Among these are the following: 


(a) Being linear and continuous, the output of the model cannot 
contain frequencies not present in the input signal. (Such 
frequencies are known to exist in human operator outputs.) 
(h) The model cannot accoimt for a substantial body of experi¬ 
mental evidence (discussed below) which suggests that the 
human operator is not continuous but acts on discrete 
samples of information. 

(c) The model does not account for the known ability of the 
human operator to extrapolate his response even when the 
input stimulus temporarily vanishes. For example, if a target 
disappears momentarily, a human tracker will continue to 
respond at nearly constant velocity^^. 

The models proposed in this paper attempt to remedy, at least 
in part, all of the above difficulties. 

Development of a Discrete Model 

There is considerable evidence which suggests that the human 
operator’s response may be intermittent rather than continuous, 
i.e. that he acts upon discrete samples of input information 
rather than upon a continuously varying input^®. The evidence 
is based primarily upon the following data: 

(a) Examination bf Tracking Records 

Curves of the error between random appearing input and 
human operator output show a pronounced periodicity in the 
vicinity of 2 c/sec, even when this frequency is not very pronounced 
in the input waveform. On the basis of some 15,000 measure¬ 
ments of error curves it has been found that over 80 per cent of 
the periods of the correcting responses of trained trackers 
ranged between 0-2 and 0*6 sec. Largely on the basis of such 
observations Craik® suggested that human response consists of 
a series of ‘ballistic responses’ which are triggered at about V 2 sec 
intervals and run to completion regardless of intervening 
changes in the input process. Examination of power spectra of 
tracking records also reveals strong peaks in the vicinity of 
1 to 1-5 c/sec^. Furthermore, human operator responses always 
contain frequencies beyond the range of a band-limited input. 
These additional higher frequencies could, in part at least, be 
harmonics due to sampling. 

{b) The ^Psychological Refractory Period^^^* 

This phrase refers to apparent time delays which occur when 
a human operator tracks a series of discrete stimuli (such as 
steps) which are spaced less than about sec apart. Wh&n this 
situation occurs, and the time interval to an unexpected second 
stimulus is sufficiently short, the operator finds it difficult or 
impossible to react to it. There are a number of possible alter¬ 
native explanations of such behaviour. The explanation upon 
which the present work is based is that the operator admits in¬ 
formation only at discrete intervals of time which c.annot be 
spaced much more closely than about 2 to 3 per second. Thus, 
stimuli occurring between these ‘sampling instants’ cannot be 
utilized until the next sample. 

(c) Perception of a Number of Discrete Event^^ 

If subjects are presented with a series of light flashes of short 
duration at rates from 10 to 30 per second, the subjective rate 
reported by the subjects never exceeds 6 to 8 per second, 
regardless of the objective rate. Thus, two li^t flashes about 
sec apart are reported as a single flash, even though the 
light-dark ratio is such as to prevent fusion of the images into 
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one. Similar results are obtained with auditory stimuli (clicks). 
A possible explanation in this case is that sensory inputs are 
received continuously, but admitted to consciousness only in 
discrete ‘packets’. The shorter duration of the ‘sampling intervar 
in this case, as compared to the tracking intervals of ^/a to ^4 sec, 
could be due to the fact that no muscular movement of the limbs 
is required. 

(d) Delayed Perceptual Feedback 

On the basis of a hypothesis of intermittency in human 
performance, it can be deduced that the introduction of artificial 
time delays into perception, approximately equal to the normal 
‘sampling interval’, should make performance extremely difficult. 
It has been shown that this is exactly the case with delayed 
auditory feedback^^ as well as with delayed visual feedback^^. 

A detailed analysis of these and other supporting experiments 
has been made^. 

On the basis of the above considerations a new mathematical 
model has been formulated. In its simplest form, this model is 
shown in Figure 3 where the human operator is represented by 



Figure 3. Proposed discrete model of the human operator 


a periodic sampler, a hold circuit, and a continuous element 
which has the form suggested in the literature^ for the case 
where the controlled element dynamics are negligible. 

The sampler represents the assumption that the operator’s 
central nervous system receives information only at discrete in¬ 
stants of time, once every T sec. The hold circuit or data recon¬ 
struction element is required since the operator’s output is 
continuous. The continuous portion of the model corresponds 
to the quasi-linear models of eqn (1). The hold circuits exhibit 
considerable phase shift and thus contribute to the total effective 
time delay of the model. Consequently, the time-delay term D 
in eqn (1) must be adjusted appropriately for each type of hold 
circuit. 

The model of Figure 3 can be described by the relation: 

o) ^0 o'“) (2) 

where E* (/ct>) is the Laplace transform of the sampled error 
e* (f) evaluated at ^ = Jto, B (yet)) represents the frequency 
characteristics of the hold circuit and (jeo) is given by eqn(l). 
When controlled element dynamics are negligible, eqn (1) reduces 
to^ 


G.O’<o) = 


1 + jeOT 


(3) 


Therefore, for a zero-order hold and negligible controlled 
element dynamics, the frequency characteristics of the con¬ 
tinuous portion of the model are given by 



and for the first-order hold case 


iTfjsrj 


In both cases the input process is assumed to be stationary and 
random-appearing. 

The ability of the sampled-data model of Figure 3 to meet 
some of the problems which face the continuous model can be 
seen intuitively by considering the following characteristics of 
sampled systems^®; 

(a) Changes in the input cannot have any effect until the next 
sampling instant occurs. 

(b) The presence of the sampler limits the frequencies which 
can be reconstructed at its output to those not exceeding one- 
half the sampling frequency. 

(c) The action of the sampler generates harmonics in the 
output which extend over the entire frequency spectrum, even 
when the input is band-limited. 

(jd) The hold circuit which generally follows the sampler is a 
time-domain extrapolator, which reconstructs the signal based 
on information at the sampling instants. Consequently, a first- 
order hold which extrapolates with constant velocity based bn 
the present and past samples of the input, would provide the 
model with a characteristic known to exist in human tracking. 

(e) In the limit as the input frequency approaches zero, the 
sampled output approaches the continuous system output. This 
is desirable since the continuous model is quite adequate for 

low-frequency inputs. 

\ 

It is particularly important to note that the ‘human operator 
model’ block in Figure 3 has continuous inputs and outputs, and 
consequently the existence of sampling cannot be verified by the 
type of mathematical investigation being conducted. It is 
possible, however, to examine the implications of sampling and 
examine the system behaviour in view of these implications. In 
order to do this, the model has been analysed with several types 
of hold circuits and expressions for spectral density functions of 
the error e (/) and output c (r) have been obtained^. 


Evaluation of the Mathematical Model 

Consider the tracking system of Figure 4. Let the input signal 
consist of white Gaussian noise filtered by a low-pass filter, and 



Figure 4- Compensatory tracking system 
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(b) 

Figure 5. Block diagram of tracking system with modified first-order hold model, 
(d) Original MFOH system; {b) Equivalent system with ^^Error^' sampling 


let the linear human operator model be either continuous or 
discrete. 

If the power spectral density of the noise source is given by 
S (co) = Nq (a constant) and the shaping filter is described by 

then the following expressions for the output power spectral 
density (ca) of the model are obtained^: 

Continuous Model (formula 7 see next page): 

Zero-order Hold Model (formula 8 see next page): 

where the Ai are functions of the model parameters K, and r. 

First-order Hold Model (formula 9 see next page): 

where (co) represents the sampled power spectral density 

corresponding to the continuous input spectrum (cd), and the 

Pi are functions of the model parameters and r. 

It is well known that the first-order hold circuit exhibits 
considerably more phase shift than the zero-order hold. In order 
to obtain the velocity extrapolation properties of the first-order 
hold and at the same time to decrease the phase shift, the ‘modi¬ 
fied first-order hold’ of Figure 5(fl) was devised. The output 
spectrum using this circuit is given by (formula 10 see next page) 
where (cu) is the power spectral density corresponding to 
the continuous input spectrum Sr^r> shown in Figure 5{b\ 
and the Bi are functions of the model parameters i)iw and t. 

The detailed derivation of the error and output spectral 
density expressions for the first-order hold is given in the Ap¬ 
pendix. The resultmg expressions were used for comparisons of 
model behaviour with experimental data. 

Evaluation of HoM Circuits 

In order to make a preliminary evaluation of the proposed 
models before conducting any new experiments, values of the 
parameters K, t, and D corresponding to data available in the 
literature (Elkind’s experiment FVf have been used to compute 
power spectra of the system output and error. The system input 
was ‘white’ noise filtered by a first-order lag» The sampling 
frequency of the model was assumed to be 3 c/sec. The resulting 


error spectra for the model with a zero-order hold (ZOH), first- 
order hold (FOH) and modified first-order hold (MFOH) are 
plotted in Figure 6 and compared with experimental points and 
the spectrum obtained from the continuous model. 

An examination of the curves of Figure 6 shows that the 
results using the first-order hold are most promising. Since this 
result agrees with the intuitive arguments of the previous section, 
other hold circuits were abandoned before embarking on the 
experimental programme. 



Figure 6. Error spectral density for various human operator models 

Experiments and Selection of Parameter Values 

In order to verify the feasibility of the proposed discrete 
model, an experimental programme was devised^. Measurements 
were made of the power spectral density of output and error 
signals from a number of human operators tracking random¬ 
appearing inputs. The experimental situation was based on 
compensatory tracking in one dimension, using a very light hand 
controller, so that controlled element dynamics were negligible. 
An oscilloscope was used for the display. The input signal r (0 
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Figure 7, Comparison of experimen-^ 
tal and analytical values of output 
power spectral density for run R-1 
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Figure 8. Comparison of experimen¬ 
tal and analytical values of output 
power spectral density for run R-6 



Frequency rad^ec 


Figure 9. Comparison of experimen¬ 
tal and analytical values of output 
power spectral density for run R-7 


was the output of a low-pass filter, the input to which consisted 
of a sum of 10 sinewaves of equal amplitude and non-harmonic 
frequencies. This experimental arrangement approximates the 
idealized situation of Figure 4. Approximately 100 runs were 
made with eight operators, after a period of training. 

The experiments were also used to provide the values of 
parameters to be used in the numerical evaluation of the power 
spectral densities obtained from the model. The parameters were 
selected as follows: 

(a) From cross-spectral measurements of the operator’s in¬ 
put, error and output, the data for the quasi-linear continuous 
model were obtained. The continuous model parameters, K, 
and T were obtained by fitting the transfer function of eqn (3) to 
the exi)erimental data. 

(b) The sampling period T was obtained by examining the 
recorded spectra for a pronounced peak in the vicinity of 1 to 
1 *5 c/sec. The frequency at which the peak occurred was assumed 
to coixespond to one-half the sampling frequency. The rationale 
for this selection of sampling frequency is based on the fact that 
the frequency characteristics of the first-order hold exhibit a 
peak at approximately (oJ2. Furthermore, all hold circuits 
exhibit transmission zeros at integral multiples of the sampling 
frequency co^ since 


G) = na),—n 


* Eqn 7—10 




S,c{(o)=^ 


n = l,2,... 


(c) The time delay of the sampled model was obtained by 
evaluating the effective time delay due to the hold circuit (2)^) 
and then letting Ds= — 2),^. This method was used in order 
that the total open-loop phase shift remain approximately equal 
for the sampled and continuous models for the frequency range 
of interest. 

Results 

The expressions for (p) and S^q (p) derived above were 
programmed for solution on a digital computer. Typical results 
are shown in Figures 7, 8^ and P. The plotted points represent 
the power spectral density measured at the 10 component 
frequencies of the input signal. 

All three of the runs illustrate the peaking in the output 
spectrum which is characteristic both for the operator’s output 
and for the output of the discrete model. The continuous model, 
while providing an excellent fit at low frequencies, attenuates too 
rapidly at high frequencies. The output power spectral density 
from the discrete models shows remarkable agreement with the 
experimental data, in spite of the idealizing assumptions which 
were made. 

It should be noted that the sampled model delays Dg shown 
on Figures 7 and 8 are both negative, i. e., the models incorporate 
predictors. The delay of the model for the run shown in Figure 9 
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Sc H — {4^(l+rV)(l+e~^‘'^-2e~‘'^C0S(»r)(l-C0SQ)r)^}S*(Q)) 

^ (1 + T W) [(1 +Pf++P^)+ 2 (Pi + Pjpj + P 2 P 3 ) cos cor+ 2 (P2 + P1P3) cos 2 ©T + 2 P3 cos 3 Cl)T] 

" • <»‘a+tV)[a+Ji+Bj)+ 2 (B,+B,B,)<^s®T+ 2 B.co»a)T] 
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is positive, but very small. It is likely that the use of partial 
velocity hold circuits, which result in less phase shift, would 
yield models with positive values of delay. 

Typical time domain traces are given in Figure 10, These 
results also show the similarity between the discrete model and 
human operator, both in the error traces and the output traces. 

Conclusions 

The major concern of the work reported here has been an 
analytical and experimental investigation of a class of mathe¬ 
matical models for the human operator based on the theory of 
linear sampled-data control systems. The results show that for 
the particular tracking system considered, the discrete models 
do indeed result in input-output behaviour which more closely 
approximates experimental results than that which results from 
linear continuous models. In particular, it has been shown that 
the models which include sampling and first-order hold circuits 


are consistent with a large body of evidence in the literature on 
tracking and that the analysis of such models results in spectral 
characteristics which check closely with experiment, at least under 
certain conditions. 

The results of the study can be viewed as a logical extension 
of previous work with quasi-linear continuous models. The 
continuous models were considered adequate representations of 
tracking behaviour when the input function bandwidth did not 
exceed approximately 3/4 c/sec. In the present study the band 
extended to 1*6 c/sec; spectral peaks were noted in the range of 
1 to 1-6 c/sec (which are consistent with previous data); and these 
peaks were shown to be consistent with linear sampling models 
as well. In other words, the sampled models result in a decrease 
in ‘remnant’ power, for difficult tasks, where the remnant is 
considered to be that component of the operator’s output which 
the model does not explain. 

For the particular tracking system and a particular operator, 
it has been shown that the sampled-data model can be con- 



Human operator error 


Discrete model error 



Discrete model output 



Figure 10. Time domain traces (all Vertical scales equal model parameters: T = 0*33 sec, ms == i‘0 rad!sec) 
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structed by following a systematic sequence of spectral measure¬ 
ments, wWch yield the parameters of the continuous model and 
the sampling frequency. Unfortunately, the experimental study 
was not sufficiently extensive to make definite statements about 
a S 3 mthesis procedure. However, the rules suggested in the paper 
for determination of model sampling frequencies were satis¬ 
factory for those experimental runs where high frequency 
spectral peaks could be clearly observed. 

The major conclusions of the study are that the application 
of sampled-data theory to the study of man-machine systems is 
well justified and that discrete models of the human operator 
can be used to predict several important aspects of tracking 
behaviour. 
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Leondes and W. J. Karplus who supervized the work and provided 
many important suggestions, and is particularly grateful to 
Dr. R. K. Whitfordfor his continuing support of his work and for 
making available the STL analogue computation facilities. 


APPENDIX 

Derivation of Spectral Density Expressions 

Analysis of System with Continuous Model 

If the input to a linear invariant system is a stationary 
process x (t) characterized by a power spectral density (co), 

, then the power spectral density of the output, Syy (co) is 

( 12 ) 

where F(Jci)) is the frequency response function of the system. 
If the noise source is assumed ‘white’ 

So(co)=No=const, (13) 

The input to the tracking system then has the spectral density 

S„(a))=|F(;co)pjVo (14) 

where the frequency response function of the low-pass filter is 
given by 

We are interested in obtaining an expression for the error 
spectral density and the output spectral density when the transfer 
function of the continuous operator model is 


Gc(Jco)^ 


1 


(16) 


where is a gain which includes the model gain Kh and the 
controlled element gain Ke* The input spectral density is given by 


S,,(cd) = 


NoQ)| 

co^-hcoi 


(17) 


Using eqns (16) and (17), the error power spectral density is 
given by (formula 18 see below): 

where the subscripts on r, K, and D have been dropped for 
convenience. Similarly, the output power spectral density is (for¬ 
mula 19 see below): 

Expressions (18) and (19) represent power spectra which can 
be estimated in experimental situations and compared with their 
theoretical values. 


Analysis of the Sampled Model 

Similar analyses to the above have been carried out using 
zero-order and first-order hold circuits in the discrete models. 
However, since much more significant results were obtained 
with first-order hold circuits, only the results of first-order hold 
models are reported here. The derivations of the equations for 
discrete models with other hold circuits are given in refer¬ 
ence 4. 

Signals in sampled data systems are, in general, non¬ 
stationary, even with stationary inputs. Consequently, statistical 
functions computed from ensemble averages do not equal those 
computed from time averages and care must be taken in the 
definition of the spectral density functions in such systems. In 
this study, the spectral density functions are obtained from time- 
averaged autocorrelation functions, which, as has been shown^®*^® 
are equal to ensemble-averaged correlation functions averaged 
over one sampling period. 

Consider now the sampled form of the operator model given 
in Figure 11. 

The derivation of an expression for the output power 
spectral density follows a procedure analogous to that for the 
continuous system, with complications introduced by sampled 
signals which have repeated spectra along the entire frequency 
axis. The power spectral density of the continuous error signal 


Error 

signal 



Feedbac k 

signal 


Figure 11. Sampled form of operator model 


Scci(0)^ 


(l-|-TW)co|iVo 

(18) 

(co^+fl>|) [(1+ +x^a}^+2K (cos (oD —to sin ooD)] 

^ KWbNo 

(19) 

+ (oi) [(1 +K^)+r^co^+2K (cos coD-xco sin coD)} 
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e it) cannot be obtained by a single relation analogous to (18) 
since there is no transfer relationship which explicitly relates 
E (j(o) to R iJco) in an error sampled system, and a more com¬ 
plex procedure is required. Let Gsiis) represent the transfer 
function of the combination of first-order hold and continuous 
element in Figure IL Then it can be shown that since 


COco) Gj.O'ft)) 


l + Glijco) 

the power spectral density of the output is given by 




Gst(j<o) 


l + G*,(;co) 


S*(<b) 


( 20 ) 


( 21 ) 


where as usual the asterisk represents sampled quantities. The 
sampled spectral density is defined in terms of the z transform 
of5„.(^): 

S*(s)=Lz[Sr,(s)]|,=e^r =L £ S„(s+jnco,) (22) 


The additional factor of l/T arises due to time-averaging over 
a sampling period and S^r is) is the bilateral Laplace transform 
representation of the power spectral density. 

It can be shown that the expression for the power spectral 
density of the continuous error e it) is (formula 23 see below): 
where, as before, Srr U^) is the power spectral density of the 
continuous input, and Srr'^.iJco) is the corresponding sampled 
spectral density. The third term in (23) will be recognized from 
(21) as the power spectral density of the output signal c(r). 
Consequently, the only unknown in (23) is the second term 
which is twice the real part of the cross-spectral density between 
r it) and c (r), Sre (»• 

To evaluate the spectral densities 5'co ico) in eqn (21) and 
See (23), the z transform of the open-loop transfer 

function 

(.4, 

must be determined. Di is the reaction time delay corresponding 
to this model. The z transform of (24), which can be obtained 
from a table of modified z transforms^, is 


where 


Gi(z)= 


K (QjZ^+Q2Z + Q3) 
Tz^(z-e“''^) 


gi=(2 T-2)i- t)+(t- r) 

22 =T- ( 1 +e"”^) (2 T -£>1 - t) - 2 (t - T) e"" 

Q3 =-Te-‘’^4-(2r-Di-T)e""^+(T-T)e-‘’(’^-'’^ 


(25) 


(26) 


Substitution of expression (25) in eqn (21) gives the output 
power spectral density (formula 27 see below): 
where, for the filtered noise input, (<«) is 


<7* o iVoCQBsinha)Br 

^ 2r(cosha)BT-cosft)T) 


(28) 


Similarly, from eqn (23) the continuous error power spectral 
density is 

S,*(co)=S,,(a))+S,,(m)-^5„J?e|^^^^^^J (29) 

where (formula 30 see below) 

and the coefficients are defined as follows: 


Fjt (P, m)=P 4 +(P j +P 7 ) cos coT 

+ (Pfi +P 8 ) COS 2 CD r+ (P 3 + Pg) cos 3 coT 
Fj (P, CO) =(Pj - P^) sin coT 

+(Pg —Pg) sin 2 <or+ (P 3 — Pg) sin 3 coT 

and 


Pi=iKQi-Te-‘‘'^)IT 


P^^KQ^IT 


P3=KQJT 

P4^1-(2+e-‘'^)P2-e-'’^P3 
P5=Pi-(2+e-“‘^)P2+(1+2e-‘'’^) P3 
P8=P2-(2+e-‘''")P3 

_ (2+e""*')+(1+2 e"'^) Pi - P2 

P8=(l+2e-‘'’')-e-‘'’'Pi 

Pio=l+P?+Pl+Pi 


PllS2(Pi+PiP2 + P2P3) 
Pl2S2(P2 + PiP3) 


P 13 S 2 P 3 

Thus, expressions are available for computation of the power 
spectral density of the error and output signals of the sampled 
models in terms of the basic parameters of the continuous 
model iK,D Qxidr ~ 1/a) and the additional parameters Z)i 
and r. 


,(cD)=S„(a))-^S„(m)Per-^^;^]+S*(co) 

’4" ^si 


G«(jco) 


l + Glij<o)\ 


_ {4X^(1+ r^co^)(l+e ^‘'^- 2 e~‘'^cos<»T)(l-coscor)^}S*(cQ) _ 

See (<»)=jz QjZ (1 j-(l ^p^+p^+p^)+2 (Pi +PiP2+ P2P 3) cos coT +2 (P2+P1P3) cos 2 qjT+ 2P3 cos 3 col] 

C(jco) _ - KF^ (P, co) [(1+tTq)^) cos C 0 D-+ <0 (T- t) sin coD] 

^®P*(jco)‘~Tco^(l+-t^(o*)(Pio+PiiCostoF+Pi2COs2<»T+Pi3COs3coT) 

_ K [co (^~ z) cos toD—(I+ tTcq^) sin coD] F| (P, co) _ 

'*'2’ct)^(l+T^a)^)(Pio+PiiCOsa)T+Pi2COs2<oT+Pi3Cos3ci)r) 


(23) 

(27) 

(30) 


437 


G. A. BEKEY 


References 

^ McRuer, D. T. and Krendel, E. The human operator as a 
servo system element. 7. Franklin Inst., 267 (May 1959) 381--403* 
267 (June 1959) 511-536 

2 Elkind, J. I. Characteristics of simple manual control systems. 
Lab, Rep, No, III, M. I. T. Lincoln Laboratory, Lexington, 
Mass., 1956 

® Licklider, J. C.R. Quasi-linear operator models in the study of 
manual tracking. Developments in Mathematical Psychology, 
R. D. Luce (Ed.), The Free Press, Glencoe, Illinois, 1960 

^ Bekey, G. a. Sampled Data Models of the Human Operator in a 
Control System, Ph,D. Dissert., Department of Engineering, 
University of California, Los Angeles, January 1962. (Also 
published as ASD-TDR 62-36 by Aeronautical Systems Division, 
U.S. Air Force Systems Command, Wright-Patterson Air Force 
Base, Ohio) 

® Craik, K. j. W, Theory of the human operator in control 
systems. Brit. J. Psych., 38 (1947) 56-61; 38 (1948) 142-148 

® North, J. D. The human transfer function in servo systems. 
Automatic and Manual Control, A.Tustin (Ed.), 1952. London; 
Butterworths 

^ Ward, J. R. The dynamics of a human operator in a control 
system: A study based on the hypothesis of intermittency. 
Ph. D. Dissert,, Aeronautical Engineering Dept., University of 
Sydney, Australia, May 1958 

® Tustin, a. The nature of the operator’s response in manual 
control and its implications for controller design. J. Instn, elect, 
Engrs, Land., 94 (IIA) (1947) 190-202 


Ragazzini, J. R. Engineering aspects of the human being as a 
servomechanism. Unpublished Paper, presented at the American 
Psychological Association Meeting, 1948 

Goodyear Aircraft Corp. Final Report: ‘Human Dynamics 
Study’. GAC Rep. GER^4750, April 1952 
Booton, R. C. The analysis of nonlinear control systems with 
random inputs. Proc. Symp, Nonlinear Circuit Analysis, 2 (1953) 
369-391 

Gottsdanker, R. M. The accuracy of prediction motion. J. 
Exp. Psych., 43 (1952) 26-36 

Broadbent, D. E. Perception and Communication 1958. New York* 
Pergamon Press ’ 

“ PouLTON, E. C. Perceptual anticipation and reaction time. 
Quart. J. exp. Psych., 2 (1950) 99-112 

^ Cheatham, P. G. and White, C. T. Temporal Numerosity. J. 
exp. Psych. 44 (1952) 447-451 

Chase, R. A. Comparison of the effects of delayed auditory feedback 
on speech and key tapping. Science, 129 (1959) 903-905 

” Smith, W. M., McCrary, J. W. and Smith, K. V. Delayed visual 
feedback and behavior. Science, 132 (1960) 1013-1014 

Ragazzini, J. R. and Franklin, G. Sampledrdata Control Systems, 
1958. New York; McGraw-Hill 

Mori, M, Statistical treatment of sampled-data control systems 
for actual random inputs, Trans. Amer. Soc. mech. Engrs 80 (1958) 
444-456 

Johnson, G. W. Statistical analysis of sampled-data systems. 
WESCON Convention Record, Pt. 4 (1957) 187-195 


DISCUSSION 


E. Jury, University of California, Berkeley, California, U,S,A. 

This paper presents an interesting departure from the preceding one 
in the fact that Bekey obtains a different transfer function for the 
sampled-data model than Naslin. It would be interesting to ask Dr. 
Bekey to comment on the significance of this difference. The second 
point relates to the significance of the remnant in Figure 2 and whether 
this is attributed to the non-linearities of the system which have been 
ignored. Finally, what is the effect of this renmant at high frequencies ? 


G. A. Bekey, in reply 

Probably the major reason for the difference in the models presented 
in tlus paper and in the Naslin-Raoult paper is that they are obtained 
in different ways. The Naslin-Raoult model is based on averaging 
experimental results with closed-loop systems and consequent ap¬ 
proximate determination of open-loop characteristics. My model is 
based on spectral analysis using a Gaussian input process. 

The remnant is that portion of the operator’s output not accounted 
foi by a linear, continuous, invariant model. The addition of sampling 
results in an infinite number of harmonics of the sampling frequency, 
and thus reduces the ‘remnant’. However, the remnant still contains 
appreciable energy, especially at higher frequencies. As pointed out 
by McRuer and Krendel (Reference 1 of the paper), this portion of 
the remnant can be due to three sources: 

(1) Non-linear behaviour of the operator. 

(2) Time-varying behaviour of the operator. 

(3) Random signals generated by the operator. 

Additional research will be required before it can be ascertained 
whether any one or all three of these effects are involved in the remnant. 


Z. Bonenn, Scientific Dept,, Ministry of Defence, Israel, P.O.B. I, 
Kirget Motzkin, Haifa, Israel 

All reported work on a human operator in a tracking loop is linear, 
i.e. using a linear control stick. However, as stressed in the two papers 
and in previous work (in particular Craik’s work—Reference 5 of the 
paper) the human operator operates intermittently and cannot make 
more than two to three independent decisions per second. Therefore, 
it appears that a three-positions stick {Figure A) may be advantageous. 
Here, the operator has only three choices, 0, H- 1, — 1. During the 
sampling interval he observes the error and decides on his next com¬ 
mand. 


Stick 



Figure A 


A two-dimensional compensatory tracking system with G (s) = 
K 

~ e”*" has been simulated on an analogue computer with good results. 

Note that a linear tracking loop with this G (s) is diflScult to control. 
The good results obtained with this configuration depend also on the 
following factors: 

(1) Well-defined zero output position of control stick. 

(2) It is apparently easier to control accuiately short-time durations 
of command in a three-positions control stick than to control accurately 
small angular deflections of a lin^ control stick,. 

These remarks are intended to arouse interest in the problem of 
the proper combination of the human operator with the controller. 
It seems that the best controller is not always the conventional pro¬ 
portional control stick. 
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Dynamic Analysis and Simulation of Management 

Control Functions 

R.B. WILCOX 


Summary 

The dynamic behaviour of management is treated as a feedback control 
system with mathematical functions of management to plan, staff, 
organize, direct, and control an organization. Analysis and simulation 
of the management control functions, coupled with the organizational 
dynamic functions, provide a means of displaying future trends for 
advanced planning and decisions. 

The organization is a complex machine in which feedback control 
is a predominant characteristic. The requirements of a project repre¬ 
sent the directed input to the system, and the progressive accomplish¬ 
ment represents the output of the system. Output performance versus 
time is measured and fed back to be compared with the input require¬ 
ments. Effective management is obtained by means of the corrective 
action taken to reduce the deviation between the progressive ac¬ 
complishment and the project requirements. 

The dynamic functions such as ‘time lags’, ‘natural frequency’, 
‘dead time’, ‘lead time compensation’, etc., are expressed as per¬ 
formance operators, and the development of a mathematical model 
provides a more exacting treatment by use of control system techniques 
and simulation to determine the effects of various courses of action. 
Sampled data and adaptive control techniques are inherent in manage¬ 
ment control systems. 

The basic management control function measures the degree and 
rate of progressive accomplishment at any given time during the course 
of the project. This feedback information is compared with the project 
requirements to establish the deviation between the desired and actual 
accomplishment. The deviation information is passed on to the func¬ 
tional operations doing the work by means of two management chan¬ 
nels : (z) the experience channel which takes immediate and proportion¬ 
al corrective action required by the deviation, and (ii) the analysis and 
evaluation channel which requires more time to consider the situation 
but provides a more accurate picture; i. e., management ‘sums up* the 
situation by integration. Analyses show that the preceding functions 
result in the anticipation or lead time action of management. 

Mathematical models of the management control functions have 
been developed and simulated using analogue and digital computers. 
The application of these functions is investigated, using the case 
history of a project with effective results; synthetic techniques indicate 
the measures to be taken by management to improve the design of the 
organization and its performance. The application of this approach 
to other types of controllable events is explored. 

Sommaire 

Le comportement dynamique de la gestion d’ime organisation est 
trait6 comme celui d’un systtoe asservi, caract^ris^ par des fonctions 
math^matiques de plahification, de recrutement, d’organisation, de 
direction, et de contrdle. L’analyse et la simulation des fonctions, de 
commande, et des fonctions dynamiques de I’organisation command^, 
fournissent un moyen de prediction pour les planifications perfection- 
n6es. 

Une organisation est un ensemble complexe dans lequel la com¬ 
mande par asservissement joub un rdle primordial. Les exigences d’un 
projet repr^sentent le signal d’ehtrde du syst^me, tandis que les ac- 
complissements successifs constituent la sortie du systeme. La perfor¬ 
mance de la sortie (fonction du temps) est mesurde, asservie, et com- 


par6e avec I’entrde. Une gestion efficace est obtenue grace aux actions 
de correction r6duisant I’teirt entre I’entde et la sortie. 

Les fonctions dynamiques telles que: constantes de temps, fre¬ 
quence propre, temps mort, compensation par avance de phase, etc.... 
sont utilisdes pour caract6riser le systfeme. Le ddveloppement d’un 
modele raathematique permet I’utilisation des mdthodes de commande 
automatique et de simulation pour determiner les effets des differentes 
categories d’action. Les commandes adaptative et par echantilloimage 
sont implicitement contenues dans les systemes de gestion. 

Le degre et le taux des accomplissements sont mesurds k tout instant 
du projet simuie. Ces renseignements sont compares aux exigences 
preetablies pour determiner la deviation. Cette demiere passe par deux 
canaux op6rateurs: (/) le.canal «experience» qui prend des actions de 
correction immediates et proportionnelles; (m) le canal «analyse et 
evaluation» qui examine plus de facteurs et qui prend des actions en 
quelque sorte integrales. Ces dernieres presentent des caracteres evi- 
dents d’anticipation ou de compensation par avance de phase. 

Le modeie mathematique de I’ensemble est simuie sur des calcula- 
teurs analogiques et numeriques. Les resultats d’investigation d’un 
cas pratique sont presentes. Les possibilites d’application de cette 
methode sont discutees. 

Zusammenfassung 

Das dynamische Verhalten einer BetriebsfUhrung wird als Regelsystem 
betrachtet; dabei werden Planung, Personalpolitik, Organisation, Ge- 
schSftsleitung und Oberwachung eines Betriebes durCh mathematische 
Gleichungen ausgedrUckt. Untersuchung und Simulation der tJber- 
wachungsfunktion der Betriebsfiihrung zusammen noit den dynami- 
schen Organisationsgleichungen dienen der Darstellung zukiinftiger 
Tendenzen als Grundlage fur die fortlaufende Planung und Entschei- 
dungsbildung. 

Die Organisation wird als eine komplexe Maschine aufgefaBt, bei 
der die Regelung eine uberragende Rolle spielt. Die Erfordemisse 
eines Projektes stellen die Eingangsdaten, die erzielten Ergebnisse die 
Ausgangsdaten des Systems dar. Die dynamischen Ergebnisse werden 
am Ausgang abgegriffen, rUckgefiihrt und mit den Eingangserforder- 
nissen verglichen. Eine wirkungsvolle BetriebsfUhrung ist durch den 
Korrektureingriff erreichbar, der die Abweichung zwischen den er¬ 
zielten Ergebnissen und den Erfordernissen des Betriebes verkleinem 

soil. } 

Dynamische Grdfien wie Zeitkonstanten, Ei^nfrequenz, Totzeit, 
Vorhalt usw. dienen zur Beschreibung des Systems; die Entwicklung 
eines mathematischen Modells ermSglicht eine genauere Untersuchung 
der Auswirkungen verschiedener Handlungsfolgen mit Hilfe der 
Regelungstechnik und durch Simulierung. Abtast- und selbsteinstel- 
lende Regelung sind Merkmale der betriebswirtschaftlichen Regel- 
systeme. Die grundlegende Funktion fur die betriebswirtschaftUche 
Regelung miBt laufend Grad und Geschwindigkeit der Planverwirk- 
lichung. Diese Information (RegelgrdBe) wird mit den Erfordernissen 
des Projektes (Sollwert) verglichen, um die Regelabweichung zu er- 
mitteln. Diese wird den mit der Ausfuhrung betrauten Stellen auf zwei 
KaniHen zugeleitet: 

1. auf dem Erfahrungskanal, der auf Grund der Abweichung unmittel- 

bar einen prop^rtionaleu Eingriff bewirkt und 
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2. auf dem Kauai zur Analyse und Berechnung, der zwar zur Erfassung 
der Situation linger braucht, aber dafur ein genaueres Bild enndg- 
licht, d. h. die Betriebsfuhrung erfaUt durch Integration die Gesamt- 
situation. 

Untersuchungen zeigen, dafi die oben genannten Funktionen in 
einer Vorhaltwirkung der GeschSftsfiihrung resultieren. 

Mathematische Modelle der betriebswirtschaftlichen Regelung 
werden entwickelt und mit Hilfe von Analog- und Digitalrechnem 
simuliert. Die Anwendung dieser Funktionen wird an Hand eines tat- 
sSchlichen Falles erfolgreich untersucht. Syntheseverfahren zeigen die 
MaBnahmen auf, die die GeschaftsfUhrung ergreifen muB, urn die 
Organisation und ihr Verhalten zu verbessern. Die Anwendung dieser 
Methode auf andere regelbare VorgSnge wird untersucht. 


Introductioii 

In a non-technical sense, control systems techniques have been 
applied for many years to management problems of guiding and 
controlling industrial operations. The ability of management to 
design ^e organizational structure, to assign functions and 
responsibilities, and to establish procedures, methods, and 
reporting channels has been obtained through experience in the 
necessary requirements for control methods and profitable 
operations. Alterations in the design of the organizational 
system and modifications of the procedures and reporting 
methods are continually being made to improve the overall 
perfomanc^ of the organization. ,At present, management 
experience in ‘Cause and effect’ is the keynote of dynamic control. 
Good communications and feedback are recognized as essential 
elements of good management. 

The combination of known principles and fundamentals of 
communications, computers, and control used in engineering 
science will provide the foundations for management as a science. 
The management and operation of the industrial organization 
is a control process to which the dynamic analysis and simula¬ 
tion, as used in the control system technology, provides a new 
approach to organizational design, performance evaluation, 
and prediction. The industrial operation is a dynamic response^^*, 
and the organization may be treated as a feedback control 
system with all control techniques of analysis and synthesis ap¬ 
plied to control projects within the boundaries of technical tasks, 
schedules, and cost requirements as a three-dimensional control 
problem. The concept of applying feedback control techniques 
to en^eering operations is one of relating parameters and their 
functions of time as applied to machines with equivalent types 
of parameters and time functions of the organization. Once this 
is determined, the analogue is interesting and revealing, ^d 
further investigation shows that the organization operates as a 
machine and follows natural laws of motion®* \ This fact is the 
basic principle of management dynamics®* ®. 

Feedback Control System Technology Applied to an Organization 

The dynamic performance of an engineering organization 
may be determined from the relation of progressive accomplish¬ 
ment 1 e>^sus time. This relation is the key measure of the transient 
respor se of the organizational system to accomplish a particular 
job. Progressive accomplishment can be measured by plotting 
the cumulative values of such factors as degree or percentage of 
completion, man-months of effort, or cost to produce. Time of 
proj^ performance is measured in weeks or ifionths. A typical 


transient response to a step function of a job requirement is 
shown in Figure 1 and analysis of the transient curve will provide 
the explicit terms of mathematical operators or transfer func¬ 
tions which represent the dynamic characteristics. The engineer¬ 
ing system is organized to follow management commands and 
produce the desired product output. Herein, the dynamics of the 
engineering organization is determined from the time constants 
and dead time experienced in past performances on similar pro¬ 
jects. However, undesirable disturbances, both internal and ex¬ 
ternal, cause the system to deviate from the linear steady-state 
type of operation. These disturbances are caused by the inter¬ 
ruption of communication, indecision, human errors, lack of 
material or manpower, lack of standards and procedures, etc. 



All disturbing inputs reduce the speed of accomplishment, 
i.e., schedules, and the accuracy of the accomplishment, i.e., 
by failing to meet either specification of the product or cost. 
Adaptive control techniques must be continually applied to 
counteract these problems. 

The step curve of Figure 1 shows the effort in manpower per 
month needed to accomplish a specidc project requirement, and 
the resulting cumulative effort shown by die response curve C 
is the integration of this effort. This curve is typical of organiza¬ 
tional performance and has the response characteristics of a 
closed-loop system. The initial part of the curve in area X 
indicates the complexity of the system relating to the number of 
functional operations involved; it is of concern in getting the 
system to respond quickly in the beginning. Area Prefers to the 
rate output when the operation is progressing as a calibrated 
open-loop system. In area Z the deviation between accomplish¬ 
ment and requirement is reaching a min imum and full closed 
loop with maximum control is necessary; it is the final phase of 
the project when schedule and cost require major control action. 
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The performance curve is the result of basic management 
control fxmctions: (1) to establish the total project requirements 
and tasks as the reference input which may occur as a step, rate 
or exponential input with later changes, (2) to define tasks and 
design the organization assigned to perform, (3) to monitor the 
progressive accomplishment, (4) to compare the resulting ac¬ 
complishment with the reference, (5) to command and direct the 
operation upon decisions based on experience, analysis, and 
evaluation, and (6) to anticipate and adapt according to environ¬ 
ment. These functions are expressed as a mathematical model 
which leads to the development of a management control plsm 
for monitoring the dynamic performance of organizational 
systems. 

A good design of the work process will reduce the managerial 
control required. Each task is a specified function to be per¬ 
formed by the functional group based on a definite input and a 
required output. The design of the organizational process of 
work flow requires that the work tasks be clearly defined with a 
minimum of overlap between the functional groups. This is a 
necessary prerequisite to reducing undesirable delay times in the 
dynamic process. From the task assignments, the block diagram 
and flow chart of the process is determined. Each task assigned 
to a group will represent a dynamic element of the system, and 
the feedback methods of reporting the accomplishment must be 
established. 

In the design of control systems, the speed of response is 
improved by lead or anticipatory circuit compensation, which is 
analogous to ‘lead time’ and ‘anticipation’ (familiar terms to 
management). Other means of reducing response time of control 
systems are obtained by modifying the feedforward and feedback 
functional elements. In company operations the latter is ac¬ 
complished by regrouping and streamlining the organization 
elements or departments, and by providing better communica¬ 
tions with improved routines, procedures, and standards. 

Mathematic Model of Organizational Process 

The fundamental of the control system for the organizational 
process is to describe each element of the system by a mathe¬ 
matical expression^* ®. Referring to the block diagram of Figure 2, 
the operating group performing the work is represented by the 
box in which the mathematical expression is shown. The output 
is the variable C, the progressive accomplishment. The output 
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Figure 2. Mathematical model and performance 


accomplishment is measured and the feedback signal is com¬ 
pared with input R, the reference or requirement, the difference 
is represented by the error or deviation signal E which com¬ 
mands the operation to continue until jE reaches zero value. The 
algebraic expression for this deviation as a function of time is 

£(0=1?(0-C(0 (1) 

The basic algebraic expression for the operating group is derived 
from the differential equation relating Newtonian expressions of 
force or effort. The effort to accelerate a project is expressed by 

( 2 ) 


where F^ is force, M the mass effort, and ot the acceleration of 
mass in terms of progressive accomplishment. The rate of ac¬ 
complishment is subject to the force expression F^ for velocity 
drag/ 

F2 - ^ ( 3 ) 

The total force F available is a proportional amplification K 
of the deviation signal EQ), such that, F — KE(t), The algebraic 
sum of forces is F= Fi+ F2 and provides the system equation 


KE(t)^M 


d^C(t) 

~W~ 




( 4 ) 


Using the Laplace operator S instead of d/dr, and (S) instead 
of it) gives 


X£(S)=MS^C(S)+/SC(S) (5) 


C K _ Klf 

’ SiMS+f) SixS+1) 


( 6 ) 


Eqn (6) is the transfer function of the operating group and re¬ 
lates the output C to the error signal E with the operation time 
constant r = M/f Combining eqn (6) and (1) will result in the 
feedback closed loop function relating progressive accomplish¬ 
ment C to the input requirements R: 


C KIM _ < 0 ^ 

^ S"+^S+- (S^+2C<o«S+a)'i) 

M M 


( 7 ) 


of the undamped natural frequency of oscillation = (KIM)i; 
and the damping ratio f = //2 

These equations are analogous to transfer function represen¬ 
tation of the servomechanism. The inertia of the organization 
opposes the act of getting the work done; there is also friction 
and drag similar to that in the servomechanism. The gain K is 
defined as the ability to accomplish the tasks and involves such 
i factors as manpower, motivation, efficiency, etc. of the organiza¬ 
tional system. The time constant t relates to the speed of re¬ 
sponding to a task and is well known in organizations. The tran¬ 
sient response of eqn (7) to a step function input is shown as the 
S curve of Figure 2 with the non-dimensional time scale co^r, and 
the amplitude ratio of C/R, and represents the dynamic response 
of an organization relating progressive accomplishment to time. 
The final value of C/jR reaches unity when the derivatives die 
out, i.e., S = Oy and CIR(0) = 1, and the output accomplish¬ 
ment matches the input requirements. The derivative of the S 
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curve is the rate of progressive accomplishment versus time and 
is proportional to the rate of effort or manpower applied to the 
work. Simulation of the mathematical model is used to control 
the dynamic response of the project. 

Performance Requirements and Monitoring Signals 

The control system concept must consider the signal and 
communication interconnections. To be controlled, the organi¬ 
zation must follow the command and control signals, it must 
have a means of measuring its output, and a means of comparing 
the output with the input command signal to provide the devi¬ 
ation signal for foUow-up. In order to obtain good dynamic per¬ 
formance from functional groups, management must provide 
not only proper facilities and manpower, but also the command 
and feedback control signals. The ultimate goal or final value of 
the output C is determined by the task requirements which are 
evaluated for the effort, cost, and schedule necessary to meet it. 
The complete project plan includes not only the structure and 
defimtion of tasks, costs, and schedule, but also the methods of 
continually monitoring and evaluating the output related to 
these three requirements in order to adapt the command signal E 
as the situation may require. 

The project control problem is a three-dimensional control 
problem and is analogous to the three-dimensional control prob¬ 
lem of missile guidance in roll, pitch, and yaw. In either case, 
roll, pitch, and yaw; or task, cost and schedule, each variable 
has cross coupling with the otibers and therefore influences them 
to deviate off course if a disturbance to that variable occurs. In 
control system design there are three main requirements to 
meet—speed of response, accuracy, and stability. The speed of 
response requirement of each functional group is set by the 
schedule; the quality requirement is set by the specifications; 
and finally, the relative stability is set by tibe continuous oper¬ 
ational guidance and planning of the project. 

The prime command signal is the project requirement R 
represented by the work statement and specifications of the 
customer. The input R may not occur as a step function but as 
a delayed function in time which will decrease the performance 
response. A digital computer study was made to determine the 
degree of response decrease due to ramp inputs. The basic 



quadratic of eqn (7) was used for f = 0-8 for different values 
of ramp inputs with slope R(t) = R(t\ t ^ 1/R and R{t) = 1, 
t ^ 1/R. the results of the study are shown in Figure 3 which 
compar^ the dynamic response of C(t) and C'(t) for the step 
input R' = 00 , and two ramp inputs, R'= 1*0 and 0*666. The 
slowdown in response caused by the ramp input is quite evident 
and indicates the need to establish the inputs as quickly as pos¬ 
sible. The effect of ramp input for the actual project performance 
of the case under study is shown in Figure 4 which points out 
the comparison of the planned response with the actual response 
when the input requirements are delayed as shown. 
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Figure 4» Project performance with ramp imputs 
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Figure 5, Block diagram of basic model 


Basic Dynamic Model of Management Function 

The case study of applying control system techniques to 
management extends the concept for analogue and digital com¬ 
puter simulation. In support of meeting future goals on a major 
project, a simplified model using linear servo theory was pro¬ 
grammed to investigate the project response to a given set of task 
requirements for combined engineering and management func¬ 
tions, and by applying various management boundary condi¬ 
tions, families of responses were plotted of the results. The 
dynamic model used was the basic second order transfer function 
of eqns (6) and (7) with the management group and engineering 
group each representing a unit of the basic block diagram of 
Figure 5. 

The complete management fimction includes the comparison 
of the project output versus the requirements as well as the man- 
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agement transfer function. Both the management and the 
engineering transfer functions are considered linear with con¬ 
stant coefficients of basic model. The management transfer 
function is derived by considering the basic function of this 
group as an integrator with a transfer function of KJS. The 
integrating function is a most important contribution to the 
response. In the expression for management, it represents the 
analysis and evaluation required to integrate all inputs, to assess 
and sum up the situation, and thus to provide the proper control 
signal information, Ki represents the level of effort per unit 
of the management group and is related to and varies with the 
number of the personnel of the management and supervisory 
group weighted by the experience factors. The basic engineering 
transfer function is derived by considering the basic working 
group as an integrator with a transfer function of K 2 /S where 
represents the level of effort per unit of the engineering group 
and is related to and varies with the number of engineers involved 
in the project. Where the management group monitors the out¬ 
put of its efforts, C, but compares it with the engineering inputs 
from management there is a feedback path within the 
engineering block of Figure 5 which closes the loop on K^/S 
resulting in the transfer function for the engineering group of a 
first-order lag with a time constant of 1/K^. In general, the 
engineering transfer functions is multi-order®. 

Combining the management and engineering functions gives 
the basic open-loop and closed-loop functions of the project 
system 


and 



S(S+K2) 


^ H-XiSH-jRTijRTj S^+2^co„S+co^ 


( 8 ) 

( 9 ) 


Identifying terms of the general expression in eqn (9) 

a>„=(K,K^)*; (10) 

The undamped natural frequency co^ varies as the square 
root of the product of the engineering and management efforts, 
while the damping ratio C varies as the square root of the ratio 
of the engineering and management efforts. The transient re¬ 
sponse of the second-order system is completely specified by the 
two parameters, f and co«, which are, in turn, completely specified 
by Ki and in eqn (10), so that the latter constants determine 
the transient response. If it is desired to accelerate a project 
(increase co„), an increase of either the management effort or 
the engineering effort or both, will accomplish this. The 
practical consideration for an increase in the speed of response 
is to increase the number of experienced personnel in both groups, 
i.e., K 1 K 2 . However, the increase in o)^ is proportional only to 
the square root of the increased effort. Conversely, if the project 
is to be decelerated, a decrease in either the management or the 
engineering effort or the combined effort is necessary. Figure 6 
shows the variation in response time as the product of engineer¬ 
ing and management efforts change with their ratio remaining 
constant. 

The effect of varying the damping ratio f shows that if the 
system damping is decreased (f ^ 1) from critical damping 
(f = 1), the system responds faster but will overshoot and tend 
to oscfflate. An overdamped system (C > 1) gives an undesirable 
slow response time. Figure 7 shows the variation of f and there¬ 
fore the variation in speed of response as affected by the ratio 
of engineering to management efforts. For instance, if the 
planned response of a project is selected to follow the curve of 
C == 0-8, then from Figure 7 the ordinate KzfK^ is obtained as 
2’5. Thus, to maintain the desired response, the engineering 
effort must be 2*5 times the management and supervision effort. 



Figure d. Effect of varying engineering and management effort 
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If the organization appears to react sluggishly (overdamped), an 
increase in the ratio of management effort to engineering 
effort K 2 is indicated. Note that an increase in the management 
effort and direction will decrease the damping ratio, and 
provide a quicker response throughout the project. If the useful 
output oscillates to any degree, a decrease in the management 
effort or an increase in the engineering effort is indicated. From 
eqn ( 10 ) when C = FO and co^ = 0*2 rad month. 


^4 


( 11 ) 


K2=2Cco„=2a)„=04 (12) 

Note that when f = 1 the management effort = coJ2. For 
good response, slight underdamping (C < 1 ) and > a)J2 
should be used. 

The general approach, using the foregoing project response 
planning, is to select from the total overall schedule required. 
For instance, if the project schedule is 22 months (Aug. 1,1960 



Figure 7. Ratio of engineering to management effort 


to June 1, 1962) and C = 1*0 is the desired response curve, then 
from Figure 12 the settling time within 5 per cent is co^(r) = 5 
with r = 22 months. The result is 5/22 or 0-23 with 
and K 2 determined by eqns (11) and (12). The rate of effort or 
cost is determined from the rate curve as displayed in Figure L 
Variations from the planned response may be corrected by 
using the adaptive techniques described in the next section. 


actual curve and the desired curve at the end of 20 months, i.e., 
complete the job on schedule. These curves are given in Figure 9 
and represent the two step adaptive control method. The three 
step adaptive control is obtained by acceleration of the efforts 
of engineering and management so that the project is on schedule 
at some arbitrarily selected milestone 4 before the project com¬ 
pletion date. The K efforts of engineering and management are 
then readjusted at time ^2 so that the project returns on the 
original desired schedule until completion. 



Figure 8, Project accomplishment versus time 



Figure 9. Correction to realign project performance 


Adaptive Control Applications 

An actual project is scheduled for completion in 20 months 
as shown in Figure 8. If the ratio of engineering to management 
efforts is selected, then the shape of the desired accomplishment 
curve is defined. At 8 months the fraction of the job actually 
completed, Ci/R, was obtained. The project is running behind 
schedule and the ratio of the actual time to desired time tjtis 
to complete this part of the project is greater than unity. and 
K 2 must be increased in order to return the job to the desired 
accomplishment curve. 

A series of curves has been developed from analogue com¬ 
puter simulation which indicates the ratio by which the ATi and 
K 2 must be increased (or decreased) as a function of C/R at the 
time of switching and the degree of lateness tjtjs to match the 


The actual performance measurement of CJR at a project 
milestone provides the data to determine the magnitude of in¬ 
creased effort required to realign the project at a future date. 
The ratio of engineering to management efforts (K^K^) was 
obtained by taking the ratio of the number of personnel pri¬ 
marily contributing to engineering and the number of persoimel 
contributing to the management function (including the man¬ 
agers, the project management staff, engineering supervisors, 
and administrators). Both efforts were weighted by years of ex¬ 
perience and resulted in the ratio of 3*14. Substituting this value 
in eqn (10) gives f = 0*885. The original planned curve had a 
damping ratio of 0*8. The value obtained was considered a 
reasonable ratio of engineering management for good per¬ 
formance. 
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The determination of the percentage of the project completed 
at any time is necessary for proper monitoring and control. The 
approach used was to subdivide the project into approximately 
40 task items; each task was weighted according to its contri¬ 
bution to the whole project. The overall percentage completed 
can be obtained by summing the estimated percentage comple¬ 
tion of each task. The fraction of the project completed at the 
end of 8 months was 0*321 or approximately 30 per cent (C/R 
= 0*3) as shown on Figure 8, At this check point, the project is 
running 3 to 3*6 months late and referring to Figure 9 and for 
a lateness ratio (/ 1 // 15 ) of 1*8 (it took 1*8 times the desired time 
to achieve 30 per cent completion) the engineering management 
effort should be stepped up by a factor of 2*56 over the average 
effort of the first 8 months if the project is to end on schedule. 
The engineering and management staffs have been steadily in¬ 
creasing over the 8 months period so that the present engineering 
staff is now 74 while the average engineering staff was only 41. 
The required average engineering staff for the remainder of the 
project is 2*60 times 41 or 107 persons, or an increase of 33 over 
the present 74 to provide a greater rate of project accomplish¬ 
ment. Because the rate of closure on deviation in area Z {Figure 1) 
decreases, a straight line extrapolation would be incorrect. 

Experience Functions and Effect in Management 

The basic model used only the integrating term for the man¬ 
agement function. Figure 10 shows an expanded mathematical 
model of the management functions, although it must be noted 
that even this model is a simplification of the complex multi¬ 
loop organizational system. The feedforward path contains the 
integrating function KJS, and also a parallel function Kd which 
is the proportional element which is determined largely on the 
experience of the personnel to do the job. The mathematical 
result of the two functions is Gi{S) is 


In addition to the original integration function, the lead or an¬ 
ticipatory function of management (1 + has, been added 
with a time constant KdIK^, The addition of finite Kd modifies 
the overall response function as follows: 



S+K2 


KiK2il+t,S) 

SiS+K2) 


(14) 


C KiK2il+r,S) Q)„"(1+T,S) 

^ S^+{K2+KiK2-^d)S+KiK2 S^ + 2i:/o„S+o>^ 

(15) 

where o) 

C.=l/2(l+iC^)X,/iC,=^(l-fJC,>) (16) 

Comparing eqn(16) with eqn(lO), the undamped natural 
frequencies tt)„, are identical although the damping ratio Ca 
differs by the factor (1 + Kd)- However, since Kd is small, i.e., 
Kd <d, fd » f = (oJ2K^. Essentially, the quadratic factors 
of the two analytical results are the same and the increase in the 
responses shown in Figure II is due to Kd in the (1 + r^S) 
factor. 

The principal effect of the experience parameter Kd is the 
increase in speed of response of the progressive accomplishment. 
Referring to the block diagram of Figure 10, it is seen that Kd 
takes immediate and proportional corrective action required by 
the deviation between the requirements R and the accomplish¬ 
ment C. The combination of this experience channel with the 
integrating channel provides the lead or anticipatory action with 
the total result that these management functions provide faster 
action because of the desirable advanced planning feature. This 
analysis indicates the dynamic value of experience in the man¬ 
agement fimction. 


The Rate of Progressive Accomplishment 


s 




(13) 


In the measure of progressive accomplishment, management 
requires two main repoiis in the feedback channel. The first is 


Management functions Engineering functions 



Figure 10, General basic model 
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the BctuBl position of the project with respect to time represented 
by the degree or per cent complete; and the second is the rate of 
accomplishment represented by the slope of progress since the 
rate of expenditure or effort may be too fast or too slow. This 
management function in the feedback channel is HiS) — 
1 + KrS where the 1 is the measurement of position, and the 
KrS is the measurement of rate or slope. The signal of their 
sum is fed back to compare with the input requirements R. 

The transfer function, with rate feedback, modifies the basic 
mathematical model (Kd = 0) as follows: 

»W-I+K,S (17) 


^ _ 

R S +(K2+KiK2K]i)S+KiK2 +2CrO}„S+co^ 

u 

where 

(o„=(K 2 K 2 )* and ( 19 ) 

Eqn (18) is of the same form as the model for the basic system, 
and actually the gain parameters establish the same natural 
frequency of the system; <u„ = (K^K^. Comparison with eqn(lO) 
shows that has an additional factor KiKr. For the same &)« 
the damping ratio Cr increases as Kr increases, thus providing 
slower response to the system. H(,S) with rate feedback, then 
becomes the stabilizing or caution element of the management 
system. 

Eqn (18) may be displayed in a different form by consider¬ 
ation of Gff(S) as the open-loop equation for unity feedback 
when the loop is closed, with the additional element l/H(S) 
appearing in series. These two equations become 


S(S+K2) ’ H(S)~Ii+KrS) 


( 20 ) 


The first transfer function contains (1 + KrS) in the numerator 
when compared to the basic system—^this is the anticipatory 
action provided by measuring the rate of accomplishment. The 
stronger the Kr the more pronounced is the lead factor. The 
second function is the integration caused by evaluating and 
summing up or sizing up the situation. The two functions 
together tend to give an overall slowing down effect by in¬ 
creasing the damping effect of the parameter Cr- The slowing 



down effect of Kr on the response curve is counteracted by 
management experience Kr as seen in Figure 11. Although the 
system is more stable, it is approaching the final value with 
caution and additional risk is indicated, 

Management Control and Project Performance 

Analyses and simulations of the management control func¬ 
tions were studied separately and combined. A major project of 
nearly two years’ duration was used as the test case, and many 
families of response curves obtained as the essential parameters 
were varied. The responses were used in predicting future trends 
for management advanced planning. Assuming the sample and 
hold circuits provide continuous signal flow, the block diagram 
of Figure 10 is used to obtain the overall relation of accomplish¬ 
ment to requirements 

GiG2{S) 

' \+GiG2{S)H{S) (^^) 

Substituting the management and engineering functions for (7, 
<? 2 . and H‘, *’ 

_ Xig^Cl+T^S) _ 

R {\-\rKi2K2Kg^S +(i^2 + -^2-K^D + -K^lJ^2'^R)5-|-^(ilC2 


{l+KaK^K^ ’ (23) 

In the combined case, the frequency ct>„ has the factor KdK^Kr 
which did not occur in the separate studies. However, in aU 
practical cases KjoK^Kr^^ 1 and affects by less than 2 per 
cent such that = (iri.K 2 )^.The effect of Kr on the damping 
ratio is negligible, but contributing to increased damping is 
the term K^Kr due to the rate feedback. 

The final result of the performance response shows that the 
primary determining factors are The increase in response 
tendencies due to Kd, and hence x^S, is counterbalanced by the 
decrease in response effected by the KrS function. The theoreti¬ 
cal and actual performance results are shown in Figure 12, Cor¬ 
respondence between the two curves is excellent through the 
midcourse, and varies only a few per cent in the final stages 
when full closed-loop control is having its major effect on 
reducing the deviation. Theoretically, the quadratic curve of 
f ~ reaches final value at = oo. It is desirable to com¬ 
plete the project before oo. The increased response toward the 
end is caused by the decrease in the engineering activity (JQ 
with a slower decrease in the management functions (K^ thus 
decreasing f slightly. In this case, f decreased from 1-0 to 
about 0*9. 

The actual accomplishment curve of Figure 12 shows that 
total project schedule was 22 months, and (o^t = 5*1. From 
these data 

and 0-0529 (24) 

From eqn (10) 

1:1=0.116, K2=Q456 and ^=3-94 (25) 
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The equivalent relation ofthe basic model for f = 1*0, co„ = 0*23, 
and the general model gives the counterbalancing effect of 
and Kr since 

2C,a),-a)*T,=2Cco„ (26) 

046(1+0-116 is:R)-00529Td=0-46 

^:r«t,|Xd=0 (27) 

For Ta = 0-2 the numerical equation from eqn (22) is 

C,^ 0-0529(1+0-25) 

R S'"+0-481S+0-0529 

Eqn (28) is the mathematical model of the project performance 
and the resulting response very closely matches the actual per¬ 
formance curve of Figure 12. 

Conclusion 

The application of feedback control technology to organiza¬ 
tions and management shows that the combined resources of 
machines, materials, men, and money for performing tasks may 
be e?qpressed as a mathematical model. Computer simulations 


of the time predictions of accomplishment and performance may 
be analysed and evaluated so that decisions and corrective action 
can be taken in the early phases of the programme to counteract 
possible trouble areas before it is too late. By using mathematical 
model synthesis, the effect of varying the resources for future 
plans and requirements can be simulated in support of manage¬ 
ment decision making and control. The case study described is 
only one of a dozen similar investigations which were made 
with good results. 

The association of feedback control techniques with cyber¬ 
netics by Wiener®, economy by Tustin^®, and industrial dynamics 
by Forrester^ supports the use of control technology applied to' 
organizations and management to do work by a definite dynamic 
pattern. The mathematical concept of management control may 
be applied to the fulfilment of other types of requirements which, 
in general, are controllable events. The scope of controllable 
events extends from the individual, group and company, through 
major national and international events related to the control of 
economy, labour and effort, product, and growth. Investigation 
indicates that the dynamic behaviour of controllable events may 
be analysed and simulated by the control theory developed for 
mechanized systems. 
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DISCUSSION 


R. J. Redding, Constructors John Brown Ltd., 20 Eastbourne Terrace, 

London, W. 2., England 

I welcome Mr. Wilcox’s paper because it deals with the automation of 
management which seems to me to have potential gains as great as 
those for the automation of production processes. 

Control and optimizing techniques are being applied in the U.K. 
to the construction of large industrial projects (e.g. the building of 
power stations, chemical plants, etc.). Originally, critical path analysis 
was evolved for military projects and dealt only with ‘time to comple¬ 
tion*. This has been extended to cover the cost of execution and to take 
into account the limitations of resources (men, machines and materials). 
Cost optimizing procedures for the allocation of resources, and the 
equalization of load curves for a number of projects are in use but the 
calculations are tedious unless a digital computer is used. 


The details forming the estimate of time and cost on which the 
contract was placed forms the ‘model’ of the process and the time¬ 
cards of workmen and the accounts (bills) for hire of machines, 
material, etc., form the ‘feedback’ information which, suitably pro¬ 
cessed, monitors performance against estimate and permits ‘manage¬ 
ment by exception’ and the earliest application of cor^ecture action. 

R. B. Wilcox, in reply 

The critical path method and the performance evaluation and report¬ 
ing technique (PERT) has been used to obtain the ‘5'’-curve response 
from the logic network of activities and events. Each activity and task 
is assigned a percentage of its contribution to the total project, and 
as the activities are completed we are able to assess the degree of 
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percentage completed and thus tp obtain the progressive accomplish* 
nient curve. A brief description of this work is given in Reference 5 
of the paper. 


D. A. Bell, AMF, British Research Laboratory^ Blounts Courts Son-^ 
ning Common, Reading, Berkshire, England 

The human being is a notoriously variable quantity, both as between 
o^ individual and another and for one individual at different times. 
Where large numbers are involved (e.g. life insurances), the variability 
can be averaged out, and mathematical models are obviously applicable 
to large products. I am, however, astonished that a mathematical 
model can predict the progress of a project of six man-months, which 
cannot involve many individuals. Is this an example of Dr. Auerbach’s 
suggestion that human beings are beginning to behave more like 
computers? 


R. B. WiLCX>x, in reply 

I would not claim that this is an example of Dr. Auerbach’s suggestion * 
however, I would like to point out that management has organized the 
logical steps of production to such a degree that the organizational 
network compares with the computer network. Computers and auto¬ 
mation have aided very greatly in this respect. Of course, the human 
being is a part of the total network and his behaviour is tailored to 
organizational demands. 


M. Seaman, Department of Industrial Engineering and Management, 
College of Advanced Technology, Loughborough, Leicester, England 

This paper mentions the condition of combining functions to reduce 
time delays. 

My group at Loughborough College has examined the combination 
of functions not only from the point of reducing time delays but also 
to multiply the effectiveness of existing resources. 

In the series Design-Planning, Investment and Production Control 
and Statwtics, the effective combination of design-planning, invest¬ 
ment and positive-value production control will produce a vitally 


different model in the relation between management and engineering 
functions. This depends on the full development of algorithmic lan¬ 
guages with value judgements. 


L. Landon Goodman, E.D,A„ 2 Savoy Hill, London, fV.a 2., England 

May I suggest that we could run into considerable danger from these 
approaches, as they can be very misleading. For example, this paper 
covers administration which is only a small part of the management 
spectrum. 

I would also stress that such approaches can have a grave effect 
upon young minds. Human beings are human beings and will never 
be amenable to mathematical analysis. 


R. B. Wilcox, in reply 

This paper represents a tool for the direction and control of assigned 
tasks within a company. Whether we call it administration or manage¬ 
ment IS not pertinent, although it is recognized that the total manage¬ 
ment function covers many other activities in our complex industrial 
world. As a tool it will allow management more time to consider other 
facets of the business. This latter point is where the young will step in 
and direct their attention to other management matters. As for the 
mathematical analysis of human beings I think it will in some instances 
improve our lot in life. 


E. B. Stear, Leon Siegler Inc. Research Laboratories, 3171, South 
Burdy Drive, Santa Monica, California, U.S.A. 

Did you carry out your study of case histories after the fact or before 
the project began? 


R. B. Wilcox, in reply 

The work is reported as a case history but the mathematical model 
used to predict the performance of Figures 4 and 12 was carried out 
at the beginning of the project. 
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Outline of a Control Theory of Prosthetics 
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Summary 

In the first part of the paper a unified theoretical approach to some 
problems of improved prosthesis design is proposed. The basis for this 
approach is sought in automatic control and information theory. 

In the second part the conventional identification problem in the 
synthesis of automatic control systems is treated in a more general 
way. It is shown that in some automatic control systems the identifi¬ 
cation by the shape and surface characteristics of objects is needed. 
A mathematical model to perform such an identification is presented. 

Remark: This paper is accompanied by the demonstration of the 
electronic hand prosthesis carried by an amputee. 

Sommaire 

La premiere partie de Particle expose une approche th^orique unifi^e 
de certaines probl^mes relatifs h. Tamdlioration de la conception des 
prothdses. La base de cette approche est recherchde dans la th6orie de 
rinformation et de la commande automatique. 

Dans la seconde partie, le probl^me classique de I’identification dans 
la synthase de syst^mes de commande automatique est trait6 de manidre 
plus g6n6rale. On montre que dans certains de ces systtoes Tidentifi- 
cation des objets par des caract^ristiques de forme et de surface est 
n^essaire. On pr^ente un modele mathdmatique realisant une telle 
identification. 

Remarque: Get article sera accompagn6 de la demonstration de la 
prothese de main eiectronique portae par un ampute. 

Zusammenfassung 

Im ersten Teil des Aufsatzes wird ein zusammenfassender theoretischer 
Zugang fur einige Probleme beim Entwurf besserer Prothesen dar- 
gelegt. Als Grundlage hierzu dienen die Regelungstechnik und die 
Informationstheorie. 

Im zweiten Teil wird das ublicherweise gestellte Erkennungsproblem 
bei der Synthese von Regelungssystemen in allgemeinerer Form be- 
handelt. Es zeigt sich, dafi bei einigen Regelungssystemen die Erken- 
nung der Form und der Oberfldcheneigenschaften eines Objektes ndtig 
ist. Ein mathematisches Modell fur eine solche Erkennung wird vor- 
gelegt. 

Anmerkung: Bei diesem Vortrag wird ein Amputierter seine elektro- 
nisch arbeitende Handprothese vorfuhren. 


Introduction 

Prosthetics has been treated, until recently, mainly as a branch 
of medicine; its relations with engineering were limited to 
mechanical and some electrical studies. The progress of auto¬ 
matic control has brought up the question of its application to 
prosthetics^"’®. First achievements in this direction are very 
promising yet they were limited in scope. The intention here is 
to examine, on a much broader basis, the role in prosthetics 
to be played by automatic control theory. Instead of studying 
a definite prosthetic device, attention is directed at general 
scientific principles involved in the design of prosthetics. It is 
shown, that automatic control can contribute in an important 
way to laying down a soimd basis for improved design of 


prosthetic devices; prosthetic devices here being defined as 
applied to human extremities. 

There is no doubt that many aspects of hand and foot 
prosthetics are different; but, looking from a deeper point of 
view, there are also impoi^nt aspects in common. These common 
problems become specially evident when using control theory 
approach. In addition, the common ties relating the prosthetics 
of human extremities and remotely controlled manipulators or 
vehicles come clearly to the foreground in this way. A deeper 
insight into the common problems of all these fields has hardly 
existed. However, the task of handling materials in hostile 
environment is currently getting more and more important so 
that the solution of this problem, in itself, is of considerable 
interest. Thus, in many instances where a prosthetic device is 
mentioned in this paper, it should be extended to remotely 
controlled manipulators as well. 

The Control Problem 

The problem of controlling a prosthetic device can be 
treated in a general way. However, to make the understanding 
easier, consider the hand and arm control. Being even more 
specific, the process of lifting an object of arbitrary shape will 
be analysed. A closer examination shows that in the above 
action three different levels of control can be found. The first 
loop involves visual feedback and takes care of hand positioning 
with relation to the object. Since the arm consists of several 
mechanically independent units (upper arm, elbow, lower arm, 
wrist joint) which have their own degrees of freedom, the need 
arises to coordinate the movements of individual arm parts to 
perform the positioning action as a whole. Finally, when the 
hand has been brought into touch with the object, the grasping 
action can start. 

From the control point of view, the grasping action can be 
divided into the following phases: (a) hand adjustment to the 
arbitrary shape of the object, Q>) locking of the hand in the hold 
position, and (c) adjustment of the pressure to keep the object 
in the hand. 

Again, it should be remembered that this is not the explana¬ 
tion of the biological control system, which must be treated by 
other means. At best, only intuitive ideas of how to look for a 
better explanation of biological phenomena may be gathered 
in this way. 

Consider first problem (a), i.e.i automatic hand adjustment 
to the shape of an object. It is well known that this problem has 
hardly been solved in the existing prostheses or remotely 
controlled manipulators. Some thought has been given to the 
use of electronic computers for this purpose. In certain auto¬ 
matic production lines the objects of strictly limited shapes must 
be handled. In such a case a stored programme computer direct¬ 
ing the manipulator may represent the solution, but it is clear, 
that this solution becomes easily obsolete if shapes are varied to 
a larger extent or if they are not known in advance. Using this 
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example it will be shown that by treating the problem from a 
completely different point of view the general case of objects 
of arbitrary shapes can be solved in a simple way. The basis for 
this solution will be found in communication and control theory. 

When studying a control system one usually begins with 
the block diagram explaining its structural set-up. Thus a servo¬ 
mechanism may be considered as having the following elements: 
input, amplifier, stage, actuator. This is represented in Figure L 
Assuming that the artificial hand with its fingers represents 
a positioning servo-mechanism^ one can ask what is the basic 
difference compared with the diagram of Figure L In Figure 2 
the diagram of prosthesis control is shown. In contrast to 
Figure 1 it is seen that now the control signal source is linked 
via the communication channel to the actuator. In addition to 




remotely sent control signals, there is also a local feedback 
loop with input signals produced on the spot. With the Existing 
engineering knowledge it is not difficult to reproduce mechani¬ 
cally the form and movements of the hand, but the real problem 
is how to supply adequate control signals. As is known, the 
supply of control signals by muscular movenients and by 
bio-electrical means was not very successful. With all the 
, improvements in prosthesis design only a few elementary hand 
movements could therefore be reproduced. The adequate 
supply of control signals for prostheses and manipulators is 
still a very important problem to be solved. 

A closer study of the role of skin sensitivity to pressure, 
temperature and other stimuli may give a hint for the solution. 
Returning to Figure 2 one can easily understand that it is 
highly desirable to obtain maximum hand flexibility with 
minimum signals supplied by the remote source. In the case of 
long communication channels, this will mean a reduced channel 
capacity if remote handling of materials is in question, or 
a reduced burden on the part of the amputee if prosthesis 
.control is concerned. In order to discuss the question in a more 
precise manner, consider the set of signals Si which must be 
provided by the control source in order to position file fingers. 
Taking each finger as a separate automatic positioning system, 
the source must provide five continuously varying signals 

«*=/,(*). 5=1,2.5 

where x is the parameter defining finger position. For simplicity 
reasons the finger is considered as a dynamic system mih. one 


degree of freedom, i.e., as a rigid body with no lateral movements 
and phalanges. Even in this case the set of control signals 

Si = {^i, 629 ^3> ^4, e^} (1) 

is quite complex. Since the word complexity of the set Si is of 
intuitive nature it needs additional explanation. Remembering 
that the control of the prosthesis is also a communication 
problem, the complexity of Si will be measured by the informa¬ 
tion content of signals eg. Designate the information content 
of eg by 4 , so that the information content 7i corresponding 
to Si is 5 

An explicit value of Ii is not needed here. Remember only that 
human hand control consists of 24 different muscle groups. 

It is clear that the prosthesis control problem cannot be 
solved in a satisfactory manner by conscious control signals. 
Such control is in evident contrast with the basic design con¬ 
dition for prostheses, and manipulators to keep 4 as low as 
possible. The solution of keeping Ii low by reducing hand 
flexibility is naturally not acceptable since it badly limits the 
performances of the prosthesis. In the absence of a better 
solution this has been done in the existing models. Thus a new 
approach is needed. The first results, taking into account the 
requirement that = /min> can be found in previous papers^. 
The fundamental idea is to keep low without affecting hand 
performances. The problem has been solved by dividing the 
control signals into two sets: Si and S^- The signals Si are 
centrally or remotely produced and transmitted via the com¬ 
munication channel, while signals S^ are locally generated, i.e., 
at the receiver end. The information content of 1^2 is 4 and the 
total information available 

, ( 2 ) 

The simple fact of dividing control signals in Si and S^ allows 
for a great reduction of channel capacity, and consequently 
keeps the ‘burden’ on the central control source low without 
affecting hand performance. 

Eqn(2) needs explanation, namely, the control signals S^ 
should be generated in such a way that the required adaptation 
to the shape of objects is obtained. In order to understand how 
this can be done two new concepts must be introduced. In the 
first place a topologically equivalent mechanical system of hand 
and finger movements is needed. The aim is to obtain a 
simple and symmetric mechanical structure equivalent to the 
human hand with regard to its capacity to handle objects of 
various shapes. Figure 3 shows such an equivalent and sym- 
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metric model, consisting of five elastic segments which can be 
rotated around the central ring* An elastic segment is required 
for holding objects against a rigid segment, with two or more 
sections rotating around individual joints* Each segment is 
provided with a fixed cable along which a central force P can 
be applied. Actually all five cables may represent five branches 
of a central cable so that the model is activated by the applica¬ 
tion of just one force P: 

Po = 5P 

The force Pq is directed perpendicularly to the plane of the 
drawing. It is further supposed for simplicity reasons that the 
joints of all segments lay on the perimeter of the circle with 
radius R. 

The elastic mechanical model of Figure 3 is, for study 
purposes, equivalent to the human hand, and it is easy to see 
that objects of arbitrary shape can be grasped by this system 
if one first assumes that a ball, of radius r, is placed in the 
centre of the mechanical model. The only condition which 
should be satisfied in order that the object remains in the ‘hand* is 


The difference between a sensory element and an ordinary 
transducer should be clearly defined. The basic characteristic 
of a transducer is to establish a one-to-one correspondence 
between two different physical quantities. In most cases, and 
this will be understood here, the output of the transducer is 
electrical quantity, voltage or current. The equation of the 
transducer may be written in the following form 

e=f(p) (4) 

where e is the voltage, and p the pressure in our case. A sensory 
element or surface as understood here, differs in some important 
aspects from the above definition of die transducer. The sym¬ 
bolic representation of the pressure sensitive surface is seen 
in Figure 4. The surface represented in Figure 4 should be 
understood as a piece of the ‘skin’ with pressure sensitive cells. 
Each cell, upon touch, gives a voltage Output proportional to 
^Tsh = fiP)- If is not important that all functions/(p) be strictly 
identic^. A practical version of such a sensory surface can be 
realized in different ways. 


(3) 

If the friction between surfaces is assumed, the condition (3) 
becomes less strict. 

The problem of holding the object of arbitrary shape with 
the model of Figure 3 can always be reduced topologically to 
condition (3). In the case of irregular shape the radius r in (3) 
means the radius of the smallest sphere described around the 
object. It should be remarked that the uneven disposition of 
segments along the perimeter of the central ring allows for 
holding of objects of elongated shapes like pencils, for instance. 

Another new concept, which in grasping actions helps to 
reduce in eqn (2), is the sensitivity of the actuator to external 
stimuli. For instance, the instant of touching an object with hand 
prosthesis must be recorded not only by visual signals but also 
by pressure sensitive elements. The application of pressure- 
sensitive elements to prostheses is quite simple*. However, this 
new concept facilitates greatly the control problem by reducing 
the information content of the central control unit. The applica¬ 
tion of sensory elements to prostheses and remotely controlled 
manipulators adds actudly a new local information source 
which'can be used for object identification or local motor 
control. The information content of signal source 4 is thus 
increased while Ji is kept low; This redistribution of the informa¬ 
tion content of control signals Ii and 4 is not affecting hand 
performance but saves channel capacity and reduces the need 
for frequent intervention of the central control unit. The hand 
being demonstrated at this conference handles, therefore, objects 
of completely arbitrary shapes requiring, however, only one 
bit of information being produced by the amputee. 

Object Identification 

In the previous paragraph it has been explained how the 
special mechanical structure of the actuator of the positioning 
servo-mechanism simplifies the remote control of the prophetic 
device or manipulator. The coverage of the control part of the 
servo-mechanism by sensory elements served the same purpose. 
The considerations here will be limited to pressure sensitive 
elements, although the basic conclusions apply to temperature; 
radioactive or other type of sensory transducers. 



The difference between the conventional transducer and 
sensory surface can best be grasped by establishing the equation 
of the sensory surface 

e=f(p,x,y) (5) 


When compared with eqn (4), one sees immediately that the 
sensory elements provide, in addition to intensity of the stimulqs, 
information about the spot of its application. Thus, from the 
point of view of information content, new dimensions are added 
when a set of transducers is geometrically ordered in space. 

Eqn (5) needs a refinement which is quite important. Namely, 
the set of transducers is discrete so that the equation of the 
sensory surface corresponds exactly to the following form: 


e=f (p.rAxyS Ay) 


0<r^n 

O^s^m 


( 6 ) 


An important conclusion obtained from eqn (6) is that the 
resolution rate in x and y is finite. This fact corresponds with 
the actual situation in biological systems where resolution rates 
of sensory elements are always finite. How this fact allows 
extraction of important informations about the object held in 
the hand, is now explained; only informations flowing directly 
through the communication channel of Figure 2 are in mind, 
and not those which can be obtained, for instance, by direct or 
remote visual examination of the object. 

The first kind of object ident^cation made possible by 
sensory elements eqn (6) regards the shape. When the artificial 
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hand, covered with the pressure sensitive surface, is closed 
aroimd an object, a one-to-one correspondence between the 
electrical waveform and the shape of the object is established. 
This fact can best be und^tood by taking two characteristic 
geometric forms. It is assumed that objects to be 
by the artificial hand have circular and rectangular cross- 
sections as represented in Figure 5(a) and (b). Associated 
waveforms for the two types of shapes are seen in Figure 6. 
It has also been assumed that r is variable but s = j,, is fixed. The 
restriction is not important. If different y sections of the hand 
are taken then the waveforms of Figure 6 become functions of s 
as w^. They may or may not be identical, depending on the 
fact if the object keeps cross section unchanged along y axis. 
The correspondence of electrical waveforms in Figure 6 with 
object shapes in Figure 5 is evident from eqn (6). Namely, in the 
case of the circular cross section more or less the whole surface 
is equally exposed to pressure. Thus, e = const, for all r. The 



Figure 5 




constant voltage output for circular cross section requires an 
even hand surface, but a slightly uneven hand surface will not 
affect the object identification. In this case the parts of the hanH 
which are not in contact with the object will provide for a gap 
m Figure 6(d). Since there is a large amount of redundancy in 
tWs identification process, the general information obtained 
Avill be adequate even if an ideally flat sensory surface is not 
assumed. In the case of cross section with the edges, however, 
there will be, ideally, two subsets of r 

Rt = ra S=So 

R2 = rf s=So (7) 

' Ri+R2-R={r„rf} 

The location of r, corresponds geometrically to the spots of 
hand contacts with the edges of the object, and rp is the com¬ 


plementary set of R with respect to J^i. Now, the equation of the 
characteristic waveform reads 

ifreJ?i e=l 

if r6j?2 e=0 

Examination shows how this information regarding object 
shape can be sent back to the central control place by the com¬ 
munication channel of Figure 2. The problem is technically trivial 
since one needs a two-dimensional scanning system. To make it 
clear, refer to the sensitive hand surface in Figure 4. Since for the 
purpose of pure shape identification only the distinction between 
activated and non-activated spots is important, the output of 
the artificial hand surface is a binary matrix e„ = 1 or 0, 
accorc^g to eqn (7). The transmission to the remote control 
place is simply solved, for instance, by a magnetic core selection 
matrix. 

A further interesting tactile information may be obtained 
from the pressure sensitive surface. That is, if the number of 
object edges is increased the distinction between circular and 
polygonal shapes will be lost. If the resolution rate is correspond¬ 
ingly increased, Le., dx -> 0, one will be able to map into the 
dectrical form the roughness of the surface with which the hand 
is in contect. Thus, the waveform of Figure 6(b) contains both the 
information about shape or roughness of the object H<-ponHing 
on the resolution of the sensory surface, i.e., the magni nirti. 
of dx. Although these two tactile effects are distinct from the 
sensory point of view, mathematically they are equivalent; 
the only difference being the order of magnitude of dx. Actually 
both effects are the consequence of the discrete stracture of the 
sensory surface. An important condition for practical realization 
of sudh a discrete pressure sensitive surface is a hi^ resolution 
rate of individual transducer elements. This implies the mechan¬ 
ical isolation of the adjacent elements so that they can react in 
a distinct way, although being geometrically close. One is led 
therefore to the design of very thin elastic surfaces. 

At the b^hming of the paper it was outlined that the 
principles exposed here have general significance. Besides their 
theoretical value of giving mathematical insight into the problem 
of remote object identification without visual feedback, there 
are other fields of application. Namdy, in the existing foot and 
leg prostheses the role of the shape identification of the 
ground for control purposes has been completely neglected. 
However, the application of the pressure sensitive discrete 
surface of Hgure 4 allows easily the coordination of different 
phases of human gait according to which part (froiit or back) 
of the foot is in touch with the ground; further, hitting of 
obstacles can easily be detected in the electrical form and used 
for control purposes as well. The idea of object identi finatin n 
by wnsory elements exposed here can therefore be e:q)loited for 
varied of control purposes. 

In the design of hand prostheses evidently there is no need 
for object identification by tactile feedback since it is more 
simple to use visual information for this purpose. However, 
in the remote handling problems, due to the fact that communica¬ 
tion capacities may become critical, tiie relative importance of 
tactile and visual feedback may change. It is hard to give a 
precise evaluation since all the existing designs have rdied 
exclusively on visual feedback (television). A general selection 
criterion is not possible since the application conditions mtist 
be taken into accoimt. However, for simple remote identification 
problems (size, shape, weigpit) sensitive surfaces may serve the 
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purpose. It should be remembered that according to Figure 6 
the tactile feedback needs just a few y lines to be sent over 
communication channel. Thus a great reduction of channel 
capacity is possible in certain instances. In other instances it 
may occur that a combined identification system represents 
the best solution. As has been written, it is not the intention to 
discuss the absolute merits of visual or tactile information 
feedback, but to stress the fact that more general identification 
methods when designing remote handling control systems 
should be used. 

Condusions 

In this paper several questions have been raised. First of all, 
the importance of improving the actuators used in servo¬ 
mechanisms has been shown. It is proposed to solve this prob¬ 
lem in an unconventional way by using special mechanical 
shapes of the actuator covered with sensitive surface. Such an 
approach has the merit of showing the transition phases of a 
conventional positioning servo-mechanism to an artificial hand. 

In addition, the identification problem of automatic control 


theory is presented in a new way. The notion of the transfer 
function for linear systems, or other methods of identification 
for non-linear systems are in current use. However, in the future 
development of automatic control systems many situations 
may arise where the identification problem cannot be solved 
satisfactorily by the existing methods. Object identification by 
shape, surface characteristics and other ways such as those 
occurring in biological systems will also be needed in engineering 
systems. 

Looking at the identification problem in engineering from 
a broader point of view allows the synthesis of new cybernetic 
control systems which can duplicate functions of biological 
structures in a very efficient way. 
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DISCUSSION 

A.J.KuKmENKO,UramanAcademyofSciences,InstituteofCybernetics, tion of a PD controller. It means that the positive effect is quickly 


Kiev, U.S.S.R. 

If we take into consideration receptor action, then Figure 2 in Professor 
Tomovic’s paper must be as shown in Figure A of this remark. In 
terms of invariance theory we now have a combined system. This 
is a system which utilizes two principles: (1) control by deviation 
(Polzunov-Watt principle); (2) control by means of measuring the 
load (Pounsel principle). 

With respect to prosthetics it is important that the system has 
two channels: (1) a visual channel, and (2) a receptor channel. The 
performance of these channels takes place at different times. 

At first the visual channel works before the prosthetics touches 
the body and then the receptor channel operates and the visual channel 
switches off. Thus we have a system with a variable (changing) struc¬ 
ture; the switches (samplers) 1 and 2 in Figure A indicate such a 
situation. This situation must be taken into account in a theoretical 
design of such a system. 



Figure A (Link through eyes) 


C. Pbnescu, Academy of Roumanian Peoples^ Republic, Caka Vic^ 
toriei 125, Roumania 

Human movement is a complicated motion. I have studied how the 
actuating variable is modified in action. Ihe diagram of aiclosed loop 
movement can be represented as in Figure B. 

If the excitation of hand or arm muscles is x (latest developments 
have shown that both muscles for the displacement of the member 
in a direction are excited and movement results from the difference in 
excitation of both of the muscles), then: 

X = Xi — X2 

Xii excitation in one direction 
x^: excitation in other direction 

Experimental results show that x varies with respect^ to time for 
a very simple movement as in Figure which is similar to the opera- 


decreased and before the target is reached this effect reverses sign. 

It is important therefore that for some artificial members we take 
into account this anticipation phenomenon which gives very accurate 
response. 
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R. Tomovic, in reply 

I fully agree with Professor Kukhtenko’s remark, especially his 
representation of the block diagram. As a matter of fact, in the text 
of the paper the additional feedback loop proposed by him is discussed 
in detail, but in order to stress the importance of local feedback it was 
omitted from the figure. Introduction of switches 1 and 2 in Professor 
Kukhtenko’s diagram is very helpful since it emphasizes the mutual 
interplay of two feedback channels in controlling the hand actions. 

Mr. Penescu’s remarks concern arm and hand movements in 
general. As specified in the introduction of this paper my aim is 
limited only to problems of grasping objects by an artificial hand. 
Thus these hand positioning and other questions raised by Mr. 
Penescu lie outside the scope of my paper. 
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A Sampled Data Model for Eye Tracking Movements 

L. R. YOUNG 


Summary 

The application of servo-analysis to the study of human eye movement 
control in a tracking task has yielded a new type of mathematical 
model for a biological servomechanism. Experiments on the ability of 
subjects to move their eyes in order to follow the horizontal motion of 
a target led to several basic principles on which the model was based. 
The fast saccadic and smooth pursuit systems were shown to be 
functionally separate, with the former acting as a position tracker and 
the latter as a velocity tracker; and the eye movement tracking charac¬ 
teristics in the nonpredictive mode were shown to be of a discrete 
nature, requiring a noncontinuous model for adequate description. 

A sampled-data model for nonpredictive tracking was developed, 
and this model successfully predicts the major characteristics of the 
biological servomechanism, both for transient responses and in the 
frequency domain. 

Sonumdre 

L’application des techniques d’analyse des servomdcanismes 4 
r6tude de la commande du d^placement de Foeil lors d’un mouvement 
de poursuite visuelle a donn6 naissance 4 un nouveau modele math6- 
matique de servom^nisme biologique. Les experiences sur I’aptitude 
des sujets 4 mouvoir leurs yeux de mani4re 4 suivre le mouvement 
horizontal d’une cible ont conduit 4 ddgager plusieurs principes de 
base servant de fondement 4 ce module. Le syst^me de poursuite sac- 
cadde et le systtoe de poursuite continue, notamment, se sont ave¬ 
rts fonctionnellement difF6rents: le premier agit comme un suiveur 
asservi en position, le second comme un suiveur asservi en vitesse. Et 
la caracteristique du mouvement de I’ceil lors d’une poursuite non 
prMctive s’est tMUo 6tre de nature discrete, ce qui exige, pour une 
description correcte, un module discontinu, 

Un module du type 4 donn^es tehantillonn^es a €t6 d6velopp4 
pour la poursuite non-pr6dictive; ce module permet de pr6voir avec 
succ4s les caractdristiques principales du servora6canisme biologique, 
qu’il s’agisse de la r^ponse transitoire ou de la r^ponse fr6quentielle. 

Zusammenfassung 

Die Anwendung regelungstechnischer Verfahren zur Untersuchung der 
Regelung der menschlichen Augenbewegung bei der Veifolgung eines 
Objektes fUhrte zu einem heuartigen mathematischen Modell fur 
einen biologischen Regelkreis. Aus Versuchen tiber die Bewegungs- 
f4higkeit des Auges beim Verfolgen einer horizontalen Objekt- 
bewegung ergaben sich mehrere Grundprinzipien, die zu dem Modell 
fuhrten: es zeigte sich, daB das schnelle ruckartige und das kontinuier- 
liche Folgesystem funktiohell getrennt sind, wobei das erste als 
Stellungsfolgesystem, das zweite als Geschwindigkeitsfolgesystem 
wirkt. Es zeigte sich weiter, daB die Folgebewegungen des Auges bei 
der. Verfolgung nicht vorhersagbarer Signale diskret sind; zur ent- 
sprechendeq Beschreibung ist daher ein diskretes Modell erforderlich. 

Bin Abtastmodell fUr die Verfolgung unvorhersagbarer Bewegun- 
gen wurde entwickelt, das erfolgreiche Aussagen iiber die wesentlich- 
sten Eigenschaften des biologischen Regelkreises ermdglicht. Dies 
gilt sowohl im Zeit- als auch im Frequenzbereich. 


Introductioii 

The eye movement control system is an interesting human 
servomechanism employing volxmtary as well as involuntary 
control to direct the line of gaze at a moving target. Previous 


mathematical descriptions^"^ have failed to predict the overall 
system behaviour, considering transient response as well as 
frequency characteristics. Considerable experimental evidence 
indicates three characteristics of the system that cannot be 
overlooked in developing a model; (1) The predictability of the 
target signal was shown to affect the mode of operation in 
tracking continuous and discontinuous target motions®. (2) The 
saccadic and pursuit mechanisms were shown to be functionally 
separate, with position errors being corrected by fast saccadic 
jumps, and velocity errors being corrected by smooth pursuit 
movements*. (3) Finally, it can be demonstrated that the 
discrete nature of the system in tracking non-predictable target 
motions is inconsistent with a continuous mathematical model, 
and requires a sampled data model for adequate description’. 
Support for the sampled data nature of the tracking system 
includes the following experimental evidence. 

Pulse Response 

The eye movement response to a pulse of target position 
is characterized by a delay preceding the saccadic response, and 
a refractory period, approximately equal to the delay, preceding 
the saccade which returns the eye to its initial position. Thus 
for a pulse width much less than 180 msec, the eye responds to 
the pulse after the target has returned, and remains in the 
displaced state for about 180 msec before returning. The output 
of a linear continuous system with a cascade delay would be a 
delayed, possibly distorted, pulse of the same width as the target 
pulse, and could be described as the superposition of two equal 
opposite step responses displaced in time by the pulse 
width. Superposition obviously cannot be applied in this 
situation. The result is, however, similar to that of a sampled 
data system with a zero order hold, permitting changes of the 
output variable to occur only at sampling instants. 

Open-loop Step Response 

The eye movement control system may be considered as a 
closed loop servomechanism with unit visual negative feedback 
frorn the eye position to the observed error at the retina. The 
controller acts on the observed error in eye position, or the 
difference between the angular position of the target and that 
of the eye. Since the object of this research is to study and 
describe the operation of the error sensor, controller and load 
dynamics, it would be desirable to study the system in the 
absence of the visual feedback. The feedback path is an inherent 
part of the system, however, since rotation of the eye displaces 
the target image on the retina. It could be eliminated only by 
physically opening the control loop, as for example by mechani¬ 
cally restraining the eyes from moving and observing the torque 
exerted by the muscles. 

Fortunately, the use of an eye movement monitor which 
yields an instantaneous voltage signal proportional to eye 
position permits the effective visual feedback to be varied 
conveniently by adding an external feedback path from eye 
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position to target position. The measured eye position is amplified 
by (X and subtracted from the input command to drive the target 
position. Thus an eye movement Ar reduces the observed error 
l^y ^ oc) Ar. By varying the sign and magnitude of the eye 
movement control system may be studied for any value of 
effective visual feedback. 

An important class of experiments was performed in the 
open loop configuration, with oc set equal to —1. With this 
arrangement, any movement of the eye was immediately ac¬ 
companied by an identical movement of the target, so that the 
eye movement had no effect on the error observed at the retina. 
The response to an input command therefore represented the 
open loop transmission of the error sensor, controller and load 
dynamics. The stabilization was not so precise that any subjects 
reported fading of the image. 

Under these conditions a step of target position, correspond¬ 
ing to a step of observed error, induces a regular series of equal 
saccadic jumps, with a constant time of one refractory period 
between the jumps. Just as in the case of the pulse response, 
this result indicates that saccadic movements can be made no 
closer together than a critical period of approximately 200 msec, 
regardless of the error that is observed. 

Discrete Changes in Pursuit Velocity 

Upon close inspection of the records of eye movements 
during continuous random target motions, the smooth pursuit 
motions are seen to be a series of constant velocity segments. 
The large discrete changes in velocity occur at intervals of 
100-200 msec and are often accompanied by a simultaneous 
saccadic movement. The discreteness of the pursuit movements 
is clearly shown in the response to parabolic inputs. The observed 
tracking record and its derivative indicate that the velocity in¬ 
creases in a stepwise manner and that the saccadic movements 
are all in the direction of the target motion, correcting for the 
position lag resulting from the pursuit motion with constant 
velocity segments. 

Peak in the Frequency Response 

Inspectionof the trackingrecordsforcontinuous unpredictable 

inputs reveals a considerable number of saccadic jumps separated 
by one refractory period (about 180 msec). Bode plots resulting 
from Fourier analysis of the output bear out this observation 
by showing a sharp peak in gain of about 6 dB at 2*5—3*0 c/sec, 
indicating the presence of a great deal of energy with the half¬ 
period of 160-200 msec’. The sampling process transforms an 
input spectrum into an output spectrum 

i f F(s+n;(»o) 

■t |i*-00 

where T is the sampling interval and coq the sampling angular 
frequency®. Clearly a peak in thie output spectrum occurs first 
at 0 ) = a)o/2. If a sampling interval of 180 msec is assumed, then 
the sampling frequency would be 5*55 c/sec and the first peak 
in the output energy spectrum would occur at 2*8 c/sec, in 
agreement with experimental data. Furthermore, since the 
Nyquist sampling theorem states that at least two samples per 
period are necessary for any reconstruction of data from samples, 
the tracking ability of a sampled data model would be nil for 


EYE TRACKING MOVEMENTS 

target frequencies higher than half the assumed sampling fre¬ 
quency. This agrees with the experiments showing no tracking 
of input frequencies greater than 2-5-3-0 c/sec. 

Dependence of Accuracy on Prediction 

During a square wave tracking experiment in which the 
subject predicts the change In target position and moves his 
eyes before the target moves, he tends to overshoot or undershoot 
the desired position by a considerable percentage. This observa¬ 
tion is reasonable when considering that this predictive move¬ 
ment is made from memory of the anticipated target position 
and without the aid of any visual reference. Of particular interest, 
however, is the case of slight prediction, in which the saccadic 
movement takes place after the target change, but less than 
150 msec following that target step. Since the response takes 
place in less than a minimum reaction time delay, the initiation 
of the movement command must occur prior to the target step 
although the actual saccade does not take place until the target 
has reached its new position. If it were possible for the eye 
movement command, once initiated, to be modified by the 
presence of a new visual reference before the saccade takes 
place, then the responses occurring from 0-150 msec after 
the target step should be performed with the same accuracy 
as those taking place after a full normal reaction time. Since 
the experimental results show the same inaccuracies for delays 
of less than one reaction time as for true predictions, it can be 
concluded that once a saccadic movement command is initiated, 
no new visual information can alter that particular command. 
This conclusion is consistent with the operation of a sampled 
data system which takes in information only at the sampling 
instants. 

Experimental Design 

In all the experimental records presented below the subject 
was seated in a dark room, his head held stationary in a padded 
catcher’s mask, and he was instructed to maintain fixation 
on the 0*5 x 6-0 cm projected target slit. A horizontally moving 
target on a screen 8 ft. from the subject was produced by driving 
a fast response (100 c/sec bandwidth) mirror galvanometer, as 
illustrated in Figure 1 (a). Horizontal eye position was monitored 
by measuring the difference in diffuse reflecetd light from the 
sclera (white) and iris [see Figure l(b)\. The amount of light 
reflected to one side diminished as the eye moved to that side, 
and this difference was detected by a pair of CdS photoresistors 
balanced in a bridge. The photoresistors and small light bulbs 



®in 


Figure 1(a). Experimental apparatus: target projection 
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(which did not interfere subjectively with experienced subjects) 
were mounted in goggles worn by the subject. The monitor 
yielded linear readings over the range ± 15®, with a noise level 
of less than 15 min arc. 



Figure 1(b). Experimental apparatus: eye position monitor 


Sampled Data Model for Saccadic Tracking 

In the model shown in Figure 2, the error angle (e) between 
the desired angle of gaze (c) and ^e actual eye position (r) is 
detected at the retina. This error is sampled by an impulse 
modulator (M) at sampling intervals, T, where T is the average 
refractory period for saccadic movements (about 0*2 sec). The 
synchronization of the modulator must be assumed to be set 
to coincide with the beginning of a target motion, if the eye 
had made no saccadic jumps during the previous 0*2 sec. Each 
error sample impulse is delayed by one reaction time and 
integrated to give a step command indicating the desired change 
in eye position necessary to bring the eye to what had been 


the desired position one reaction time previously, (z is defined 
as a pure delay of T sec, or z = This definition of z 
is the inverse of the definition used by some workers in sampled 
data systems, i.e. z = e"^^^ is not used here.) This step is then 
filtered by the dynamic response of the extraocular muscles and 
the eye loading them, to yield an actual eye position movement 
exhibiting finite rise time and possible overshoot. A second- 
order model for saccadic movements serves to demonstrate 
that the details of the individual movements can be neglected 
in considering the overall characteristics of the sampled data 
model for the eye movement control system. 

The parameters published by Westheimer^ (ct)» = 240 rad/sec, 
i — 0*7) indicate that at the next sampling interval, 0-2 sec 
after the onset of a saccade, the eye position will have settled to 
within at least e”®®*® of its final value. (By final value is meant 
the steady-state eye position resulting from that one saccade. 
If this is not the desired eye position and the error lies outside 
the foveal dead zone, it will be corrected by a secondary sac¬ 
cadic movement at the next sampling interval.) Since this 
disparity is less than the errors in fixation resulting from minia¬ 
ture eye movements (designated as disturbances in the figure) 
or errors in computation of the desired amplitude of the saccade, 
its effect on the observed error at the next sampling instant can 
be neglected. For the sake of simplicity of presentation, therefore, 
the muscle and eyeball dynamics will be ignored for the remain¬ 
der of this paper. This being the case, it must be remembered 
that when fhe simplified model indicates a discrete change in 
eye position, the actual eye position predicted would be a 
typical saccadic movement. 

With this simplification, and neglecting the effect of disturb¬ 
ances and the 1*0® dead zone, the saccadic system model for 
discrete position tracking reduces to the flow chart of Figure 3(a), 
By isolating the discrete data mode e*^ the flow chart can be 
redrawn as in Figure 3(b\ where — (z) represents the dis¬ 

crete transfer function of the open loop. 
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Figure 2- Sampled data model—the saccadic system 
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(c) 

Figure 3, Simplified flow chart—the saccadic system 
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K.(z) = z(i)* 

_J_ 

1+Kdz) 

The flow chart is finally reduced to that of Figure 3(c), showing 
that the output of the saccadic system alone is 

which can be recognized as a delayed zero order hold. 

Sampled Data Model for the Pursuit System 


velocity. The effect of the muscle and eye dynamics is to smooth 
out the discontinuities in velocity and also to introduce a small 
constant steady-state error between the desired ramp and the 
actual output. 

Once again, since the eyeball dynamics have no effect on the 
overall closed loop characteristics of the sampled data pursuit 
model, these dynamics will be neglected in the presentation. 

The flow chart for the simplified pursuit model with the 
non-linearities removed is shown in Figure 5(a). As before, the 
flow chart is reduced by considering all inputs and outputs at 
the discrete data point e*. In Figure 5(b) the z transform of the 
open loop transfer function is denoted by — K 2 (z) 



Whereas saccadic movements serve to centre the target 
image on the fovea, the purpose of the pursuit system appears 
to be stabilization of the target image on the retina by keeping 
the angular velocity of the eye equal to that of the target for 
target velocities less than 25-307sec. It is reasonable to describe 
the pursuit system as a sampled data velocity tracker. 

The block diagram of Figure 4 represents one way in which 
this velocity tracker could work. As in the saccadic model, the 
error between the desired and actual eye position is sampled 
every reaction time T, which may or may not be the same 
sampling period as for the saccadic model. The error rate is 
estimated from the difference between the past two error samples 
divided by the sampling interval T. This error rate estimate is the 
desired change in the eye velocity and its integral is the eye 
velocity attributable to the pursuit system. The first limiter 
reflects the fact that the pursuit system does not attempt to 
follow the high velocity changes present in discontinuities of the 
target position, and the second limiter indicates that the pursuit 
velocity saturates at 25°-30°/sec. The output of the second 
limiter will be a sequence of ramps of eye position at the desired 


K2iz)=-, 


l+K^iz) 

the sampled data velocity tracker finally reduces to the flow chart 
of Figure 5(c), For the pursuit system alone, eye position would 
be given by 


This equation may be rewritten as follows to clarify the 
operation of the velocity tracker 


t ){¥)6 


R(s)=^C(sy 


which states that the target position is sampled and its velocity 
is estimated by the least difference [(1 — z)IT], Since old data 




(c) 

Figure 5, Simplified flow chart^the pursuit system 
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is used to calculate present velocity, this term accounts for the 
delay in the pursuit system. The term [(1 - z)ls\ is a zero order 
hold, keeping the output velocity constant between sampling 
instants, and the integrator yields the eye position resulting 
from this velocity. 

Complete Sampled Data Model 

Since the refractory period is not a deterministic function, 
the simplifying assumption will be made that T is a constant 
sampling interval equal to the mean experimental value for the 
saccadic system and also for the pursuit system. 

Since the average refractory period for velocity changes is 
equal to or slightly less than that for saccadic movements for 
any one subject tested, the sampling intervals will be assumed 
equal for the pursuit and saccadic systems. Furthermore, the 
error sampling for the pursuit and saccadic loops will be assumed 
to be synchronous, both starting with the initiation of any 
significant change in target position or velocity following a 
quiescent period. Under these simplifying assumptions a single 
sampler, or impulse modulator, may be used to furnish error 
samples for the saccadic and pursuit tracking loops. 

The pursuit loop, as a velocity tracker, should use estimates 
of error rate to keep the eye velocity equal to the target velocity, 
with corrections coming in as regularly spaced ramps of eye 
position. It is important that the pursuit model does not try to null 
out any apparent smooth error rate resulting from a step change 
in error during a saccadic jump. 

The fxmction of the first limiter in the pursuit system block 
diagram {Figure 4) was to force the pursuit system to ignore all 
wtxy rapid changes in the observed error. These error disconti¬ 
nuities may occur either from target discontinuities or from the 
step changes in eye position caused by the saccadic system. 
This non-linear element has been removed, and its function 
retained in Figure 6 in the following manner. The pursuit loop 
in the model is considered open at the time of (or at the sampling 
instant following) any target velocity greater than 30®/sec. This 
artifice is easily managed in considering transient response, 
and could be handled on a statistical basis when considering 
random target inputs. The other component of error discontinuity, 
resulting from a saccadic movement, may be prevented from 
stimulating the pursuit loop by introducing an extra cross 


coupling branch (from ^4 to .B) in Figure 6 between the saccadic 
and pursuit models. 

The equivalent flow chart of Figure 6(b) is seen to be identi¬ 
cal to that of purely saccadic sampled data model except for the 
branch with transmission IjTs^ representing the contribution 
of the pursuit system. This is the branch that must be considered 
open during any high velocity movements of the target. The 
further reduction of the flow chart is done in the usual manner^ 
In Figure 6(c) the forward transmission is 

The sampled transfer function ^ound the closed loop is 



This contributes the forward-loop transmission 

and the resultant flow chart is as drawn in Figure 6(d), 

Thus for the integrated sampled data model with both the 
pursuit and saccadic systems functioning, the predicted eye 
position is given by 

R(s)=C(s)*(l-zf(^^+z^L 
Written in another form, this equation becomes 

The first term in square brackets is a delayed zero-order hold 
on the first difference of target samples. This represents the 
action of the unit delay in velocity changes by the pursuit system. 

The second term in square brackets is the same as encountered 
in the simple pursuit model. It represents the function of the 



C(S) ^1 M (1-2)^ ^ R{S) 


(d) 

Figure 6. Con^kte sangtled data model flow chart 
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0 0-4 0-8 'q \ 

Time (sec) Time(sec) 

(a) (b) 


Figure 7. Step response*, (a) model\ (b) experimental 

velocity tracker in using the last difference of target samples to 
estimate the velocity, holding this in a zero order hold, and then 
contributing ramps of target position equal to the integral of 
this velocity. 

Model and Experimental Transient Responses 

Step Response —Since this involves a discontinuity of target 
position, the pursuit loop is initially open 


C(s)=4 



The response is a delayed step, in agreement with experi¬ 
ments. (See Figure 7.) 


Pulse Response—Onct again, the pursuit loop is open at the 
discontinuities (and at the sampling instant following a dis¬ 
continuity occurring between sampling instants). For a pulse 
width T, with r < T, 

C(s)=4(l-e"'0 

s 

C(z)=A 

The response is a delayed pulse of width T (see Figure 8), 

Ramp Response — 



The response is a ramp of slope A delayed by T plus a step AT 
occurring at / = 2 T. (See Figure P.) 

Step-ramp Response—Tht response to a target movement 
consisting of a step to one side followed by a constant velocity 
in the opposite direction may be treated by superposition of the 
step response, in which the pursuit loop is inactive, and the 
ramp response involving the complete system, as discussed 
above 




Figures. Pulse response*, (a) model; (b) experimental 
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This transient response is plotted in Figure 10{a) and an 
experimental result is shown in Figure 10(b), 

Sawtooth Response —A single sawtooth waveform of dura¬ 
tion KT has the Laplace transform 

Since the second term in brackets represents a target position 
discontinuity, its response is determined by the saccadic system 
alone. 


Figure II shows the predicted and actual transient response for 
this type of input. Notice that for this illustration and the previ¬ 
ous one the model predicts the occurrence of a second saccadic 
correction, which is indeed observed in step-ramp experiments, 
whether the initial velocity is zero or non-zero. 

Parabola Response-^As noted earlier in this paper, the system 
response to a parabolic input yielded evidence for the discrete 
nature of the velocity tracking system. The input function is 

At ^ A 

C(s)=4- 




Time (sec) 
(a) 

Figure 9, Ramp response 



: (a) model; (b) experimental 



(a) (b) 

Figure 10, Step-ramp response: (a) model; (b) experimental 


I 



Figure 11, Sawtooth response: (a) model; (b) experimental 
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The z transform of this function can be found in a table of z 
wnsfomis. ^r‘z(l+z) 


ATh{l+z\f 1 


The corresponding time function is plotted in Figure 12, Notice 
that the predicted response consists of constant velocity seg¬ 
ments and regularly spaced saccadic jumps in the direction of 
the target motion. 





(a) 


Time (sec) 

(b) 


Figure 12. Parabola responses (a) model; (b) experimental 


Additional Supporting Evidence 

In addition to the model agreement with experimental 
transient responses, the model frequency characteristics closely 
resemble the experimental Bode plots. Furthermore, experimen¬ 
tal transient and frequency characteristics change with the 
effective visual feedback (varied by controlling target position 
from measured eye position) in a manner exactly predicted by 
the sampled data modeF*®. 

This research was performed at the Massachusetts Institute of 
Technology, Cambridge, Mass., and supported in part by the Instru¬ 
mentation Fund and the Air Force Office of Scientific Research Con¬ 
tract AFOSR 155-63. The author is grateful to Dr. L. Stark and 
Dr, C. S. Draper for their support. 
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DISCUSSION 


E. I. Jury and T. Pavlidis, University of California, Berkeley, U.S.A. 

This paper presents the first attempt to advocate a sampled data model 
for eye tracking movements. It may well be an approach in the right 
direction; however, at this stage of physiological knowledge, such an 
approach should be accepted with some caution. While information is 
transmitted in discrete form by the neurons, the large number of them 
which participate in any reflex results actually in a continuous system. 
Moreover, the frequencies of the neural pulses are much higher than 
the low sampling period of 0*2 sec indicated by the author. These facts 
point to the need of further physiological research to establish the 
organs, if any, which perform the sampling operation. 

In our studies we have simulated on an analogue computer^, the 
system advocated by Dr. Young, and found the results to compare 
favourably with his object experiment. However, in the case of the 
pursuit system (author’s Figure 4), the way of estimating the velocity 
of the input fails in the case of a step input. 

Finally, we would like to mention that this paper could serve as 
a pioneering text for any further research to be done in this field. It is 
hoped that future studies by both engineers and physiologists would 
establish beyond any doubt the discrete feature of eye tracking. 

Reference 

^ Bleuz6, J. C. Sampled data model for eye tracking movenients. 
M. S. Research Project, Dept, of Electrical Engineering, Univ. of 
Calif., Berkeley (Aug. 1963) 


L. R. Young, in reply 

I would like to thank Professors Jury and Pavlidis for their carefully 
considered comments and for their estimate of the importance of this 
paper. I am particularly grateful to them and their students for 
simulating my model on a computer and checking my analytical 
results. 

In the course of their simulation they discovered, quite rightly, 
that the sampled pursuit model would misinterpret successive samples 
from a small step input to give an erroneous ramp output, provided 
that the estimated velocity is less than the limits of the first limiter 
in the pursuit loop. For steps longer than 4-5®, the simulator will 
give correct results. 

The difficulty involves the method of estimation of error rate in 
the sampled pursuit loop. If, instead of taking the difference between 
successive samples, one assumes a short period estimate of the error 
derivative, followed by a sampler and delay, one can elinainate this 
difficulty. This modification, which is compatible with some behav- 
iourial data, yields a model which is convenient only for machine 
simulation. Since the transient and frequency responses are nearly 
identical for the two error rate branches, the one which was analytically 
tractable was obtained. Concerning the physiological significance of 
the 0*2 sec sampling period, we are currently of the opinion that 
it occurs neither in the sensory receiver nor in the motor end, but 
rather in the higher centres ofthe brain. However, it is a hopeless task, 
I believe, to try to account for the 0-2 sec ‘cycle time’ of the control 
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calculation in terms of the usual pulse periods of several milliseconds 
which correspond to the basic computer ‘off time’. 

In collaboration with Drs. Stark, Meyer and Cogan, investigations 
of the physiological correspondence of the model through the use of 
other types of inputs and the study of patients with known pathology 
is being carried out in the Massachusetts Eye and Ear Hospital. 


G. Vossius, Imtitut fur Animalische Physiologies Frankfurt!M,s 

Ludwig-'Rehn-Str, 14^ Germany 

I would like to make a few remarks about Professor Young’s paper 
from the standpoint of the physiologist. 

The model is based on the assumption that for xmpredicted input 
signals into the brain there is another process branch available in 
the same way as with predictable signals. However, several experi¬ 
mental findings contradict this assumption. A process of eye movement 
on an input signal moving with constant acceleration and in the 
direction inwards to outwards takes the form described by Professor 
Young. In the opposite direction, however, from outwards to inwards, 
one of the continually accelerated movements corresponding to the 
object movement occurs with perhaps 1 or 2 saccads, but with which 
no sudden variation of the speed of movement occurs. 

Also, after the switching off of the signal, whether with predictable 
or unpredictable input signals, the eye continues to register lapses of 
movement. Further, if the eye is given only a brief excerpt of a sinus¬ 
oidal signal of approximately 0*3 sec duration and which does not 
include any maxima, then the eye does not carry out any series move¬ 
ment during this period, but this is dependent on the reaction time 
and in some cases responds with a movement which corresponds to 
the correct continuation of the time wave. If, for example, the eye 
could see a part of a sine wave in which the target moves from left to 
right, then the eye movement would be carried out with continual 
variation of speed from right to left with a reversal of movement 
corresponding to a maximum. During this short period the brain 
cannot definitely decide whether the object movement (target move¬ 
ment) is predictable or not. Apart from that, in our experiments we 
can observe continuous and discontinuous speed variations for 
predictable and unpredictable input signals, although the latter occur 
more frequently with unpredictable object movement. However, even 
with random input signals there were still continuous speed variations 
to be found. Further, no sudden transition exists between predictable 
and impredictable series movement processes. The phase angle of the 
eye movement in the main follows rapidly as the target movement 
gains complexity. 

If one puts the eye under ‘open-loop condition’, first with a sine 
wave and then with a statistical signal, then the eye carries out a sinus¬ 
oidal oscillation corresponding to the sinusoidal signal, and which 
only at the first input gives a small saccad, although, apart from 
transition through zero, maintains a deviational error. To combat 
this, saccad-corrections are made for the statistical signal which hold 
the line of sight approximately on the mean, although in this case the 
target moves relatively back and forth. 

It appears to be easier for the similarity of the series of eye move¬ 
ments in a system to be watched over so that the errors are regulated 
out and the method of operation of the saccad branch is not affected. 
The sensing branch of the system can be seen as secured, even in a 
complicated form as well as the one shown here, which does not 
appear to be the case in the method of operation in the pursuit system. 

Since my name was mentioned in the introduction I want to make 
it known that neither Siinderhauf nor myself have published a mathe¬ 
matical model of the whole system of eye movement. My work which 
has been mentioned here leads only to the equation of the sub-system 
of eye movement which consists of eye muscle centres, motor nerve 
tracks, eye muscles with eye-ball, and the sensible nerve tracks. The 
dynamics of this system were ri^tly neglected by Professor Young 
in the simiplificatidn of his equations, but I do not know why my 
system equations were placed in opposition to these. On the other 


hand, as far back as 19611 presented a block diagram for the sampling 
branch of the whole system which incorporated a zero-hold like the 
one used in the way Professor Young describes. 

As has been stated, there is a more basic difference in the criticism 
of results which should be shown, i.e. that which is achieved in bio¬ 
logical systems with statistical input signals. I will therefore make a 
few more general remarks. 

If one considers the history of the system of human voluntary 
movement then there exist, in the first steps of these, linear systems, 
which describe ‘tracking’ in one or more form. The rarer these models 
became, the more were ways sought to describe the complex human 
processes, at first with the aid of adapting systems and then, as it 
appears, by the development of models of the series movement of 
unpredictable input signals. No argument could be opposed to this 
if the astounding fact did not exist that for this series movement there 
is a completely suitable system in the brain. One can generalize by 
saying that life would be impossible in a completely statistically 
controlled world and, for hi^er forms of life, the predictability 
of our surrounding world is, as we know from our own experiences, 
becoming ever more necessary. If the eye, which is used to visual 
impressions which are in general predictable, is offered a statistical 
signal, then corresponding reaction to this unusual process may lead 
to the system being ‘confused’ and the- eye and hand movements 
carried out may be on a rather simplified basis. In no case, however, 
is one justified in assuming a system to be suitable for this process 
before unrestricted experimentation shows it to be so. 


L. R. Young, in reply 

I wish to thank Dr. Vossius for his studious discussion of my paper. 
Within the limitations of time I shall attempt to deal with the points 
he raised in the order they were presented. 

First, let me consider the question of the desired nature of the 
smooth pursuit system in tracking non-predictive input. (I have 
already shown apparently continuous acceleration in following 
predictable demands.) The occurrence of constant velocity tracking 
segments in eye movements was noted by Westheimer in 1955. However, 
the appearance of constant velocity segments in response to an un¬ 
predictable parabolic input is a crucial experiment. Dr. Vossius reports 
accurate control acceleration eye tracking with zero error for outside 
in constant accelerations and presents this as evidence for continuous 
control of pursuit movements. Our experiments were for normal 
tracking with both eyes open, and thus nodal-temporal is not mean¬ 
ingful for the binocular system (assuming the two eyes wave conju- 
gately). Careful observation of parabolic responses and the rate of eye 
movement has consistently shown constant velocity segments of eye 
tracking. Of further interest is the direction of the small saccadic 
jumps during the parabolic response. If the average tracking error 
were zero, as in the case of a ramp response, one would expect the 
saccades to occur equally in both directions. If, however, the eye 
was following with constant velocity segments and thus falling behind 
the target, one woXild expect the preponderance of jumps to be in the 
direction of target motion. My observations show that nearly all of 
the saccades during a parabolic response are in the direction of the 
target motion, as do further detailed studies by Stark and Merril 
at M.I.T. The existence of a steady state error in response to a parabola 
was also found by Fleming and Johnson of the Case Institute of 
Technology. 

The second major point of Dr. Vossius’s discussion concerns the 
justification for the developing of a separate model for tracking 
unpredictable input signals. He reports several very interesting 
experimental findings to support his view that random input and 
precognitive tracking are merely two ends of a continuum and that 
no sharp division between predictive and nonpredictive tracking 
exists. 

The drawing shows schematically what I believe to be our difference 
of opinion regarding predictive tracking. A general model. Figure A, 
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which is surely to be desired, would give the resultant eye movements 
for a great variety of predictive and nonpredictive, visual and non¬ 
visual inputs. Even restricting the problem to visual inputs, such a 
model requires an explanation of the very complex question of human 
pattern recognition. 

A parallel model. Figure B, however, attempts, to describe the 
control characteristics for limited well-defined inputs separately—^with 
the hope that the actions of these parallel paths can be integrated, 
either by linear combination or inhibitioh in the general case. This 
paper has separated precognitive tracking from nonpredictive track- 
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Figure A, General model. 



Eye 

position 


Figure B. Parallel model—limited investigations 

ing, as is the practice in manual tracking, I certainly believe that there 
are cases in which both precognitive and nonpredictive tracking may 
be superposed, as when a small disturbance is added to a well-learned 
pattern. Until a general model can be realized, I am convinced that 
investigations on the output of the eye movement system and other 
biological servomechanisms can be fruitfully studied by means of 
controlled classes of inputs. The manner in which the brain ‘sorts out* 
these inputs is a fascinating and complex subject in itself, but the 
investigation of biological control system cannot wait for its resolu¬ 
tion. 

J. D. Roberts, Cambridge University, Cambridge, England 

Are there any phenomena which depend on the phase of the hypo¬ 
thetical sampling frequency? For instance, does the reaction time 
form a rectangular distribution? 


L. R. Young, in reply 

Dr, Roberts’s question relates to the phase of the sampling—^which 
I assume synchronous with the beginning of a stimulus. If the phase 


were random one would expect a wide rectangular distribution of 
reaction times, whereas if the phase were synchronous one would 
expect a peaked distribution of reaction times, with variance resulting 
from the variable sampling period. (Wilde and Westcott have explored 
this approach in manual tracking^.) 

We show in Reference 5 of the paper that the histogram of eye 
movement response times to unpredictable steps is sharply peaked 
at approximately 0-2 sec, with a sharp cut-off at 0*15 sec and a number 
of long reaction times up to 0*15 sec. These data support the hypoth¬ 
esis of a sampling clock which is synchronized with input changes, 
rather than a free running clock. 

Reference 

^ Wilde, R. W. and Westcott, J. H. Automatica, VI, No. 1 (1962). 

W. H. P. Lesue, National Engineering Laboratory, E, Kilbride, Scotland 

Professor Young’s results show always a delay of the order of his 
sampling time when there is a change in eye position or velocity. 
A fixed sampling frequency would predict that any delay from zero 
to the sampling period would be equally likely. 

Wpuld he agree that his results suggest that the sampling is in 
abeyance until predictable movements do not accurately follow the 
input—^at this time the regular sampling is initiated and takes its part 
until the error is again small. 


L. R. Young, in reply 

1 do agree with Mr. Leslie that in order to achieve a unit delay at the 
beginning of a response the sampling is held in abeyance and I so 
state in the paper: ‘Furthermore, the error sampling for the pursuit 
and saccadic loops will be assumed to be synchronous, both starting 
with the initiation of any significant change in target position or 
velocity following a quiescent period.’ Constant position or velocity 
are merely special types of predictable inputs. 


O, L. Updike, University of Virginia, Charlottesville, Virginia, U,S,A. 

The 200-300 msec delay suggests a possible relation to the ‘scanning* 
of the alpha rhythm observed in electro-encephalography. A con¬ 
ceivable ‘progranune’ would take two or three cycles to confirm the 
existence of an error. Have any electro-encephalograms been taken 
during tests of the type reported? (I admit the dubious nature of any 
speculation based on EEG-rhythms of conscious subjects with open 
eyes!) 

L. R. Young, in reply 

The speculation of Professor Updike is perhaps not as dubious as he 
supposes. Although the alpha rhythm does not seem to be a simple 
scanning (or readout of local memory), it is probably closely related 
to the biological clock which accounts for the 0*2 sec psychological 
refractory period. In a study performed while at M.I.T.^, Latour 
demonstrated harmonic relationships between periodicities in eye 
movement reaction time and the alpha rhythm period, and he hypoth¬ 
esized that the brain stem reticular formation is primarily responsible 
for variations in reaction time. 

Reference 

^ Latour, P, L. The eye and its timing. Report No, 1 ZF 161-2, 
Institute for Perception RVO-TNO, Soesterberg, Netherlands 
(1961) 
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APPLICATION TECHNIQUES 


Self-adaptive Method for Accommodating Large Variations 
of Plant Gain in Control Systems 

R.J. KOCHENBURGER 


Stunmary 

This paper relates to a common type of practical problem where the 
gaip parameter of the plant in a feedback control system varies over a 
substantial range. In the specific application being considered this 
gam parameter varied by a factor greater than 100:1. 

Sophisticated control techniques of the self-optimizing type could 
tove provided ready solutions to this problem. However, because of 
the limitations imposed on the cost of the controls, the use of those 
techniques requiring elaborate computation facilities was not per- 
mitted. 

To meet this problem, a high-frequency low-amplitude limit-cycle 
type of self-sustained oscillation is permitted to develop within the 
control loop and to serve as a ‘dither’ signal. At the control output, 
Its ^phtude is small enough to be unobjectionable. This limit-cycle 
oscillation results in a signal that ‘tests’ the plant’s gain parameter 
and then, because of its effect on a non-linear limiting type of pre¬ 
amplifier, automaticaUy varies the preamplifier gain in such a way as 
to maintain a relatively constant net control loop gain. 

The application of various techniques of non-linear system analysis 
toward the development of this method is described in the paper. 

Sommaire 

Cette conununication se rapporte k un type courant de probldme 
pratique dans lequel le param^tre de gain de I’installation r^glte dans 
un systtoe de commande automatique k reaction varie dans des limites 
subst^tielles. Dans I’appUcation sp^cifique envisag6e, ce param^tre 
de gam variait avec un facteur supdrieur k 100:1. 

Des t^hniques de commande complexes du type k auto-optimalisa- 
hon amment pu fournir des solutions toutes trouvdes de ce probldme. 
Toutefois, dtant donndes les limitations imposdes au prix de la com- 
mande, I’emploi de ces techniques, ndcessitant des calculateurs trds 
complets, n’a pas dtd autorisd. 

Afin de resoudre ce probldme une auto-oscillation, du type d’oscil- 
lation-limite k faible amplitude et k haute frdquence, est rdalisde dans 
la boucle de commande et sert de signal k oscillation forcde. A la sortie 
de la commode, son amplitude est suffisamment faible pour dtre ac¬ 
ceptable. Cette oscillation-limite rdsulte en un signal qui «essaie» le 
paramdtre de gain de I’installation rdglde, et, en raison de son effet sur 
un pr^plificateur non-lindaire du type k limitation, fait varier auto- 
matiquement le gain du prdamplificateur de manidre k maintenir rela- 
tivement constant le gain dquivalent de la boucle de commande. 


L’application de diverses techniques d’analyse des systdmes non- 
lindaires au ddveloppement de cette mdthode est ddcrite dans cette 
conununication. 


Zusammenfassung 

Der Aufsatz behandelt das bekannte Problem, dafl der Obertragungs- 
beiwert (VerstSrkun^grad) einer Regelstrecke sich in weiten Grenzen 
S.ndert. Bei der speziellen Anwendung war die Anderung groBer als 
100 : 1 . 

Hochentwickelte Regelkreise vom selbstoptimierenden Typ hktten 
eine befriedigende Ldsung der Aufgabe ermdglicht. In diesem Sonder- 
fall war aber — wegen der Begrenzung des Aufwandes fur die Ge- 
rS^te die Anwendung solcher Verfahren, welche umfangreiche 
Rechner erfordern, nicht mOglich. 

Zur LOsung dieser Aufgabe laBt man es zu, daB sich in dem Regel- 
kreis eine hochfirequente, bis zum Grenzzyklus anschwellende Schwin- 
gung bildet, die ein „Rtitteln“ in dem Kreis erzeugt. Am Ausgang der 
Regelstrecke ist ihre Amplitude so klein, daB sie die Funktion der An- 
l^e nicht stOrt. Die Schwingung ist somit ein Testsignal, welches den 
tJbeilragungsbeiwert der Strecke erfaBt und ihn durch seine Wirkung 
auf einen VorverstSrker mit ausgepr^gter S^ttigungsgrenze derart be- 
emfiuBt, daB die VerstSrkung des offenen Kreises nahezu konstant 
bleibt. 

Die Anwendung verschiedener Formen der Analyse nichtlinearer 
Systeme auf die Entwicklung dieses Verfahrens wird dargestellt. 


General Nature of the Problem 

This paper describes a method proposed to solve a specific feed¬ 
back control problem. However, since this same basic problem 
arises so often in other guises unrelated to the application being 
considered here, the method of solution that has been proposed 
will be described in general terms with the specific problem that 
gave rise to this paper being used to provide a ‘numerical ex¬ 
ample’ of this approach. 

Self-ac^ptive controls with var 3 dng degrees of sophistication, 
complication and expense, have been used to meet the general 
problem of controlling variable parameter systems. The type 
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Controller 



Plant 
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Figure 1, Statement of the basic problem 


made in accordance with the type of machine operation involved. 
However, for any one adjustment, a range of variation of K as 
great as 100; 1 should still be accommodated by the control 
system itself. One reason for this requirement is the very variable 
and frequently erratic variation of K that will be exhibited during 
some phases of the machine process being controlled. 


of problem being referred to here is one where the variable 
system parameter is the gain parameter of the plant being con¬ 
trolled. This is explained best by means of Figure L 

There, G^{s) and represent the system to be controlled, or 
‘plant’. Gj,{s) repr^ents the essentially constant parameter por¬ 
tion of this plant, and iSTthe variable gain parameter. It is desired 
that the plant’s output, or ‘controlled variable’, c, follow com¬ 
mands of the reference input signal, r. For this purpose, the 
‘loop is to be closed’ about a cascade controller represented by 
a transfer function, G^(s\ and a variable controller gain, fi. 

If the plant’s gain parameter, K, were constant, the system 
design problem would be a conventional one handled in a 
straightforward manner with G^is) being chosen on the basis of 
such specifications as speed of response and dynamic error and 
with noise and controller saturation considerations being taken 
into account. The controller design problem is, however, ag¬ 
gravated by the fact that the plant gain,\R:, may vary by a factor 
of as great as 100:1. This variation may be unpredictable and, 
furthermore, order-of-magnitude variations of K may occur 
within time intervals that are comparable to the desired response 
time of the control system. 

The most obvious first step toward the solution of such a 
problem is the provision of a variable controller gain, so that 
the product, (xK, will always remain constant. If this can be done, 
conventional synthesis methods may be used to complete the 
controller design. The problem now remaining is, how can such 
an appropriate variation of fx be accomplished? 


Specific Nature of the Problem 


In the specific problem that gave rise to this paper, the plant 
to be controlled was a machine process. This machine was al¬ 
ready equipped with a feedback control system used to establish 
an intermediate output signal, yc in response to command 
signals, y^. of Figure 1 represents the closed loop response 
of this already existing system. For purposes of example based 
on one mode of operation, this transfer function may be ex¬ 
pressed approximately as 

“(1+0.2 s)^ (1+0-005 s) 


The control problem that was considered here was the control 
of a related output, c, rather than yc. Increments of c and yc are 
related by a factor K; i.e. 



JS: depends upon the properties and dimensions of the item being 
processed by the machine; it may vary considerably from one 
item to another and, considering the many different types of 
materials involved, the range of variation of Kto be accommo¬ 
dated in this control system may be of a magnitude as great as 
10®. Much of this range of variation can be accommodated by 
ch^ging sensing elements and by other discrete adjustments 


Proposed Self-adaptive Control Method 

The wide range of parameter variation to be accommodated 
negates any fixed parameter control system; the need for a self- 
adaptive system is obvious. On the other hand, the control prob¬ 
lem is simpler than many, in that the configuration and dynamics 
of the plant are reasonably fixed and well known; only the gain 
parameter varies. Therefore some of the more elaborate methods 
of computer control adaptation are not necessary. (This is for¬ 
tunate since this application would not permit the expense that 
most of these methods entail.) As a matter of fact, the speed of 
adaptation required because of the rapid changes possible in the 
variable parameter, jRT, is such that most of these more elaborate 
methods would not be sufficiently rapid. The method of self¬ 
adaptation that finally was adopted was not completely new^"* 
and, as a matter of fact, very similar principles have been used 
for some types of automotive generator regulators long before 
the expression ‘adaptive control’ became a part of the engineer¬ 
ing vocabulary. 

In this application, the process identifying test signal must 
provide indications of at a very high sampling frequency; the 
introduction of some type of ‘dither’ signal for this purpose 
therefore appears necessary. Cost considerations did not permit 
complex computing equipment and the modification of the 
variable controller gain, /*, in accordance with the observed value 
of K was to involve a minimum of ‘hardware’. With these con¬ 
siderations in mind, the answer seemed to be a system which 
generated its own dither by means of limit-cycle oscillations and 
then used the transmission level of the dither signal as a measure 
of plant gain. This transmitted dither signal is then used to vary 
the gain (‘gain’, in the describing function sense) of a limiting 
amplifier in such a way that the product of plant and controller 
gains tends to remain constant. 

In Figure i, the output of the linear, constant parameter part 
of the controller, Gc(s), was designated as m. Figure 2 (a) shows 
this signal as being applied, effectively, to the variable gain 


(uK) should be constant 



Limtting 

amplifier 

N 



High-pass 
feedback circuit 
(b) 


Figure 2. Configuration for effecting adaptive controller gain: 
(a) Variable controller gain effect desired; (fi) minor feedback 

loop to produce equivalent of (.a) 
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element, ft. Diagram (6) of Figure 2 shows the minor feedback 
loop to accomplish this gain variation in practice. Introduced 
in this loop are a high gain limiting amplifier designated as N 
and a linear feedback network, G^s\ The limiting amplifier has 
a gam, ot, within its saturation limits. Its output signal is 
to the maximum limits ofy^ = ± Lhy feedback limiting means. 

Gf(s) IS a high pass filter type of feedback network selected 
so that the high frequency limit cycle oscillation, or dither, 
will be produced in this minor feedback loop for all values of 
the plant gain, K. The angular frequency of these oscillations, 
CO* should be sufficiently high so that the plant’s low-pass 
filtermg action will cause their amplitude at the plant’s output 
to be of a small enough magnitude to be tmobjectionable. 

The output of iV will be a severely clipped sinusoid with steep 
sides, appearing almost as a rectangular wave. In the absence 
of a correction signal, m, this output signal will, when plotted 
versus time, be sy^etrical about the time axis and have zero 
average value. This is shown in Figure 3. The x signal shown 
there results from the dither feedback, b, through Gfis). The 
low-pass filtering action in the minor loop causes b to appear 
almost sinusoidal. 

For the purpose of explanation, let it be considered that m 
now assumes some constant positive value. The result now wiU 
be a loss in the symmetry of the limiter output, y,.. As shown in 
Figure 4, a corresponding average value of the limiter output, 
designated as will now appear. By proper selection of a, L, 
and Gf(s\ the relationship between and m can be made 
almost proportional; that is 

yro^m ( 2 ) 

This proportionality factor, may be made equal to that of the 
corresponding desired variable gain element shown in Figure 1 
and in Figure 2(a)* A describing function analysis shows that 
it wiU be approximately inversely proportional to K so that the 
desired variable gain function oi fx will be realized. 

The explanation above was based upon the assumption that 
the correction signal, m, was constant. It will apply as well, 
however, if m is varying slowly enough so that it may be approx¬ 
imated as constant during at least any one cycle of the dither 
oscillation . This will be the case in practice since, as mentioned 
above, the dither frequency, must be adjusted to be very 
much greater than the response frequency range of the control 
system. 

The minor feedback loop shown in Figure 2 (b) therefore 
performs, in a very rudimentary but adequate fashion, all the 
functions of a self-adaptive control. It generates its own periodic 
identification signal. The effect of the variations of gain, JST, on 
this signal operates through the non-linear function of the 
limiting amplifier to vary the gain factor, in an appropriate 
manner. The topic up to this point has been qualitative and the 
next section will present the quantitative considerations neces¬ 
sary for successful system synthesis. 


Design of the Adaptive Feedback Loop 
Selection of Dither Frequency 

The dither frequency, co^, is selected to be sufficiently high 
so that the low-pass filtering action of the plant will result in the 
dither having an unobjectionable low amplitude as it appears 
at the plant output This high frequency dither component of 


the plant’s output, c, is designated here as It is determined 
as follows. The output of the limiting amplifier will be a clipped 
sinusoid which, as shown in Figures 3 and 4, may be approximated 
as a rectangular wave switching back and forth from + L to -1. 
Because of the plant’s low-pass filtering action, only the funda¬ 
mental harmonic component of this wave need be considered' 
this fundamental component is a sinusoid with an amplitude 
equal to (4 /jp)Z,. The resulting amplitude at the plant’s inter¬ 
mediate output, will be 

\ycji ^^L\Gp (jcOa)\ cm ( 3 ) 

The dither frequency is then chosen so that | y^^ | is sufficiently 





Figure 3. Output-input characteristics of 
limiting amplifier—zero correction signal, m 



Figure 4, Output-input characteristics of limiting amplifier, 
with correction signal, m 

In the particular application referred to, Gj,(s) could be 
approximated by the foUowing general form of transfer 
relationship: 

(1 + Ti5)(1 + T2S)(H-T35) 

where the specific values of the time constants, corresponding 
to relation (1), are 

=T 2 =0-2 sec; tg =0-005 sec 
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At the dither frequency, [ GJJai) | is 


Establishment of the Dither Amplitude 


|Gp(M)| = 


_ 1 _ 

(1 + JOrfTi) (1 + j(Ojr2) (1 + JCOjZs) 


1 

CoITiTjTj 


since, in general, coa will be such that cd^Tj, OD^Ta, and coaV^ will 
all be very much greater than unity. Hence, from relation (3) 

which is the dither frequency required for a specified dither 
amplitude. For the particular operating condition being used 
as an example here, the amplifier limits, Z, proposed were 1 cm; 
that is, the amplifier could command intermediate outputs from 
— 1 to + 1 cm. The dither amplitude at the plant, | |, was 

to be no greater than 10“^ cm. Hence, from relation (5), co^ was 
selected as 400 rad/sec (or 64 c/sec). 


Establishment of the Dither Frequency 


The dither signal will have whatever frequency, results in 
180® phase lag around the negative feedback loop shown in 
Figure 2 ( 6 ). The feedback network, Gfis), therefore, is selected 
with this in mind and in consideration of the value of 0 )^ that 
was selected from relation (5) above. For plant characteristics 
of the type considered here, the feedback network’s transfer 
function was chosen as: 


G/(s)= 


KfS^ ( 1 -HT 3 S) 

(1 


( 6 ) 


The actual network used to obtain this transfer function was 
of the active type, employing an operational amplifier. 

It may be noted that the numerator time constant, T 3 , of this 
transfer function ‘cancels’ the shorter time constant, also Tj, of 
the plant transfer function. The combined transfer function 
Gj, (s) KG^ (s) (which includes all of the minor loop except the 
non-linear limiting amplifier), then has the following value at the 
dither frequency, ct)^: 


GpU(Oa)KGf(J(o;)= 


KKAJ<Oe)^ 

(1 (1 +j(OaZ2) (1 +jcOatfT 


or, since, in view of the high value of co^ required, co^ and 
o)a t 2 are both very much greater than unity, approximately as 


The limit cycle oscillation that establishes the dither should 
be maintained at even the lowest value of the variable plant 
gain, K, The conditions for the limit cycle to exist may be 
established by the describing function method since relation (7) 
above indicates that the higher frequency distortion harmonics 
of the dither signal will be attenuated, in comparison with the 
fundamental, by a factor that is roughly proportional to the 
square of the harmonic order. The feedback input signal, b, 
may therefore be considered as sinusoidal and the limiting 
amplifier, may be represented in terms of its describing 
function, also designated by the symbol, N. 

The well-known describing function for such a limiting 
amplifier is plotted in Figure 5. In the diagram, | b \ represents 
the magnitude of the assumed sinusoidal feedback signal that 
is being applied to the amplifier. The analytic expression for the 
describing function, on which Figure 5 is based, is given by 


N=ot for (x\b\<L 


for a|b|>L 


(9) 



Figure 5. Describing function of the limiting amplifier 


Oscillations will occur at an amplitude, | 6 |, where the product 
of this describing function and the magnitude of the Gj, 0 ‘^di) 
KGf C/co^) transfer function is equal to unity. If condition ( 8 ) 
is substituted in relation (7), the magnitude of this latter transfer 
function becomes 

( 10 ) 

For self-sustained dither oscillations to exist at all, the expression 
given in ( 10 ) must be equal to at least l/a, since oc represents the 
highest magnitude that the describing function, N, can attain. 
The condition for limit cycles is therefore 






tan 67-5“ 242 
T,=-=-sec 

^ <Oi OOi 

the requirement for establishing desired dither frequency. 


(tKf> 


46tiT2 

'K^ 


( 11 ) 


( 7 ) 


Since this transfer function is to present 180® phase lag at 
tan ~\(Oar^ should equal 67*5®; the required time 
constant, T/, is therefore given by . 


( 8 ) 


When this condition is just met, the amplifier is driven to its 
limits at i Zi. In order to realize the self-adapting function 
performed by the limiting amplifier, the oscillation should drive 
the amplifier well beyond these limits. The ‘rule of thumb’ 
proposed for actual design was therefore that the left-hand 
expression in the above relation be at least five times the right 
for the minimum value, JSTjnin, of the plant sensitivity, ZT, that is 
to be encoimtered. On this basis, the combined gain constants 
should be 
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the condition for adequately clipped dither oscillations. If the 
above condition is met, then for K = the limit cycle 
amplitude will adjust itself to a value where N, as given by 
relation (9), is just equal to «/5. By solving relation (9) by implicit 
methods, or by means of a more accurate version of Figure 5, 
this corresponds to an input condition at the limiting amplifier 
where Lja | 61 = 0’15. That is, the amplifier will be driven at 
1/0T5, or about six tunes the value necessary to cause limiting 
As shown in Figure 3, limiting exists for 2 cos (0"15) or 163” 
out of every 180“ of half-cycle. Therefore, even for this minimum 
value of plant gain, the amplifier output, y„ may be represented, 
approxumtely, as a rectangular wave. For higher values of K, 
the limiting occurs during an even longer portion of the limi t 
cycle and the rectangular wave approximation is even more 
valid. 

The p^icular numerical example being used here is based 
upon designing for a particular range of plant gain, K, from 
A^ooin “ ~ 10*. The plant time Constants have already 

been described as Tj = Tg = 0*2 sec and co^ has been selected 
as 400 rad/sec. From relation (12), the required gain product, 
« Kf, should therefore be made equal to 2-3 x 10"®. 


System Gain at Signal Frequency 


Referring back to Figure 2, the purpose of the minor loop, 
just introduced and shown in Figure 2 (fi), is to produce a gain 
effect equivalent to a cascade element, (i, which varies so that the 
product, [tK, remains essentially constant. This effect will apply 
at signal frequencies in the main outer control loop that are 
substantMy lower than the dither frequency, During any 
one cycle of the dither signal, the correction signal, m, applied 
by Gf (c) may be considered as essentially constant and the 
situation illustrated in Figure 4 appUes. It will be adequate to 
approximate the clipped sinusoidal y, signal shown there as a 
non-s^metrical rectangular wave with a positive (-fi) 
duration of 2 cos (i — «/«)/«| b | and a negative (— i) 
duration of 2 cos (i -f « ni)/« | b |. The average value of the 
limiting amplifier output for any one limit cycle therefore will be 


V — ^ — O -iL^rOLin] 

or 


However 


or, from (10) 


and 


(13) 


\i\=-L\G^Uco;)KGf{ja>,)\ 


| 6 | = 


1 KK^^L 
11-571 XjX2 


1 K(o.L 


11-57C T 1 T 2 ^ 

However, after substituting design relation (12) for the combined 
gain constants, oiKf, the result is obtained that 



20 KL 
^ -K^min 


T ■n fr 
^ - ^ ^mln 

a|b| 20 K 

Therefore relation (13) for y^^ becomes 

In general, the approximation may be used that sin S x. 
Relation (14) then attains the much simpler form 

yr^^O-la^mcm (15) 

As long as the signal frequencies are small compared to co^, 
may be considered as equivalent to the signal, itself, as far as 
the main control loop shown in Figure 1 is concerned. Relation 
(15) shows that one objective has been accomplished in that 
this equivalent signal is approximately proportional to the 
correction signal, m. In Figure 1 and 2 (6), this transfer relation 
was designated by the variable gain block described as fi. 
jM, defined originally by relation (2), therefore becomes 

(16) 

In order to obtain the desired gain, and in consideration of 
the signal levels convenient for the electronic amplifiers involved, 
the gain of the limiting amplifier, a, was chosen as 10. Since, for 
the numerical example being described here, the value of JTmin, 
upon which design was based, was JT^in = 10^, would then be 
equal to 1000/J^. The second and basic objective has, therefore, 
also been accomplished in that the gain product, fiK, will be 
essentially constant. 

In consideration of the value of the gain product, ocKf, 
already selected from relation (12) and the value of a chosen 
above, the required gain constant of the feedback network, 
Kf, will be 2*3 x lO""^. 

Closing the hfoin Control Loop 

Figure 6 is a block diagram of the complete system including 
both minor and major feedback loops. 

For the purpose of analysing the major loop response, the 
transfer function, f^KG^is) may be substituted for the minor 
loop portion. Figure 7 then results. 



Figure 6, Complete system configuration for numerical example 
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Figure 7 . Equivalent main control loop—valid at signal frequencies 
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From relations (4) and (16), the plant to be controlled 
appears to the controller, (sX as 


liKG,(s)= 


(1+TjsKI + T2S) (1+T3S) 


(17) 


or, with the numerical values applicable to the example being 
used here, as 


(l+0-2s)^(l+0 005 s) 


The selection of the controller transfer function may now be 
based upon the simple techniques used for linear constant 
parameter systems. The proposed controller transfer function, 
Gc(sX shown in Figure 7, is 


^ /„^_0•005 (H-0*2s)2 

^cW— „ /I . n nc«\2: 


s (l+0-05s)nH-0-01s) 


(19) 


transfer function that has been employed (involving a third- 
order zero at the plane origin’) was necessary so that this 
second requirement would be met. 

At the time of the initial submission of this paper, this scheme 
was still in the proposal stage and had not been applied to an 
actual machine. The various transfer functions described above 
are therefore still tentative and may require modification in 
order to meet the performance specifications of the machine. 
However, all the results described above have been verified by 
means of analogue computer studies, including the self-adaptive 
feature that represents the major point of this paper. During such 
studies, the plant gain, K, was varied rapidly between the limits 
of the maximum and minimum values stated, while the system 
was following various varying command signals; no noticeable 
effect on the nature of the output response was observed because 
of these variations of K. 


Concisions 


The second term of the above represents a second-order phase- 
lead controller used to improve the obtainable speed of response. 
The last term represents an RC type of low-pass filter used to 
prevent the feedback dither signal from causing electronic 
amplifier saturation because of its accentuation by the phase 
lead network. 

The net transfer function of the main control loop then 
becomes 

A ^ (^) ^ 

‘^^®^"“i^“s(l+0055)^(H-0-0l5)(l+0-005s) 

the velocity error coefficient, or JST^, being 5*0 sec”^. The com¬ 
puted closed-loop response then is 


Eqn (21) 


The method proposed here constitutes a simple but adequate 
adaptive control scheme for those applications where a variation 
of the plant’s gain parameter over large ranges constitutes a 
major problem. It is a practical method when the existence of 
the required high-frequency self-sustained dither signal is not 
considered to be objectionable. As a matter of fact, the dither 
introduced here has one beneficial aspect in that it helps to 
overcome static friction effects that might otherwise cause an 
erratic response. This method of adaptive control is therefore 
being presented in this paper, not only because of its application 
to the machine process problem described, but also because it 
should have application to many other engineering control 
problems as well. 

Acknowledgement is due to Prof, K B, Haas of the University 
of Connecticut whose suggestions have been especially helpful. 


The predominant response mode therefore has an undamped 
natural frequency of 8*2 rad/sec and a damping ratio of 0*64. 

All of the preceding analysis has been based upon the 
assumption that only the minor loop need be considered as far 
as the transmission of the dither frequency is concerned, and 
that only the main control loop need be considered in regard 
to the transmission of the basic control signals. The first of 
these assumptions depends upon the requirement that | Go (Jco^) | 
^ I Gf (Jcoa) |. A numerical evaluation of these transfer functions * 
will Verify that this requirement is being met. The second 
assumption is based upon the requirement that | GfQco) ] < 

I ^0 I fot* all within the response range of the control 
system. Relation (21) indicates that this response bandwidth 
may be considered as extending to cd = 8*2 rad/sec. A numerical 
evaluation of these transfer functions Gf(j(o) and Go(Jco) for 
all CD’s up to ct> = 8*2 will show that this second requirement is 
being met as well. The fairly complex nature of the Gf(s) 
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c(s) _ _ 1 _ 
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DISCUSSION 


G. Schmidt, Imtitut fur RegelungUechnikt Darmstadt^ Germany 

This paper by Professor Kochenburger describes a very interesting 
solution to the problem of adapting a control system to large para- 
ineter variations by non-linear means. The speed of adaptation is 
high and can be determined by a method given elsewhere^ 

A shortcoming of this approach, in certain applications, seems to 
be the high-frequency limit cycle which is always present and whicn 
may cause failure of components. Furthermore, the amplitude of the 
oscillation of the actual output variable c (t) (Figure 1 of the paper) 
during the limit cycle is directly proportional to the gain factor K 

Reference 

•Gelb, a. and Van der Velde, W. E. On limit cycling control 
systems. JEEE Trans, on Automat. Contr., AC-8 (April 1963) 

R. J. Kochenburger, in reply 

I agree completely with Mr. Schmidt in regard to his criticism of the 
proposed control technique. The limit cycle oscillations must appear 
at the output of the plant, otherwise the method will not work. If 
such osciUations are objectionable, then the method suggested here 
cannot be used. On the other hand, the paper points out that there 
are instances where these oscillations may be beneficial because they 
produce a dither effect that may help overcome the effects of static 
friction. As Mr. Schmidt points out, the limit cycle oscillations are 
the greatest under conditions of high plant gain. 

May I pose a counter-question? If the limit cycle oscillations 
appearing at the plant output are objectionable, what method can be 
used? It must be kept in mind that we are dealing with the problem 
of a parameter that may vary very rapidly. Therefore, some form of 
high-frequency test signal is necessary and this signal must be of a 
sufficiently large amplitude that it will affect the plant output if it 
is to perform its measurement function properly. So, as much as 
we might object to the appearance of the test disturbances at the output, 

I frankly cannot think of a way out of this dilemma. 

G. Ulanov, U.S.S.T. National Committee of the LF.A.C., Moscow, 
U.S.S.R. 

This paper, proposed by the author, is quite interesting. It relates to 
a common type of practical problem, where the gain parameter of 
the plant in a feedback control system varies over a substantial 
range, e.g. 1:100 and more. To solve this problem a high-frequency 
low-amplitude type of self-sustained oscillation is permitted to develop 
within the control loop, which eliminates elaborate computation 
f^ilities. As a matter of fact, it is a very powerful technique in non¬ 
linear systems. Meanwhile, I do not agree with the author’s conclusion, 
that in general we do not have to point out the structure of the control 
system, operating as a self-adaptive system, but having fixed para¬ 
meters. I believe that now we shall be able to discuss two practical 
systems without computation facilities. 

(1) M^rov’s paper^ describes the method of designing control 
systems with constant structures and constant parameters, the prop¬ 
erties of which are equivalent to one of the author’s systems. These 
systems are based on tlie structure, which admits the increase of gain 
coefficients without disturbing the stability. It was shown that the 
mentioned structures do not depend on the variation of the parameters 
of the plant under the corresponding increase of the gain coefficient. 

(2) The problem of sustaining ^«JC = const, can be considered 
as an invariant problem. Now a new design principle for the systems, 
invariant to any continuous control function and variable parameters, 
was developed. In our paper we discussed the system with variable 
sl^cture, but constant parameters. It used also a non-linear term and 
sliding movement. Usually the error signal is independent of control 
action and variations of parameters only, if the right-hand side of the 


system non-homogeneous differential equation vanishes and the 
result is the slide movement. In this case any variations of plant 
parameters would make this invariancy condition invalid. For example 
I want to show that the variable structure control system is insensitive 
to a certain variation of the system parameters (Figure Ai). 



Figure A 


On this figure you can see the performance of the combined 
servosystem with variable structure. On the left-hand side is shown 
the general performance (the input and the output of the system). 
It is very interesting that the error of the system is zero even to an 
exponential input. We have the infinitive astatic servosystem. 

On the right-hand side is shown the performance, if the parameters 
of the system have a wide-range variation. It can be seen that the system 
with the variable structure is practically invariant to wide-range 
variations of the parameters of the system. This oscillogram was made 
by using the high-accuracy analogue computer, designed by Acad 
Trapeznikov, 

Reference 

1 Meerov, M. V. Synthesis of systems with the fixed eharacteristics 
of equivalent self-adjusting systems. Automatic and Remote Control. 
1964. London; Butterworths. Munich; Oldenbourg 


J. A. Tanner, National Research Council, Ottawa 7, Ontario, Canada 

Since the ‘dither’ amplitude is small it would appear that the gain 
adaptive minor loop is sensitive to noise occurring in the plant, i.e. 
Gp is) of the paper. Has the author studied the overall system behav¬ 
iour with additive disturbances, the variations in K discussed in the 
paper being multiplicative disturbances ? 

^ The author has mentioned that the presence of a dither may be 
intolerable in some applications. I would suggest that the system gain 
could be adjusted in discrete steps as a function of the integral modulus 
This ^Tor recursion would determine the gain setting. 
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R, J. Kochenburger, in reply 

Professor Ulanov’s discussion is very interesting as it proposes an 
alternative approach to the problem of rapid parameter variation. His 
reference is specifically to the paper by M. V. Meerov, also presented 
at this Congress. A further study, possibly accompanied by analogue 
computer studies, might best indicate those circumstances under 
which Meerov’s technique, as opposed to mine, would be most 
appropriate. 


Mr. Tanner’s comments are greatly appreciated since they bring 
out important points not covered in the original paper. The original 
design criteria described in the paper was based upon analogue 
computer studies. Subsequent tests on an actual system did result in 
problems caused by noise. This was solved quite readily by introducing 
another time constant, of 0*005 sec, in the feedback function (7/(j). 

I question whether Mr. Tanner’s proposal of adjusting the gain 
in discrete steps as a function of the integral modulus would be success¬ 
ful in this particular application, because of the rapidity of the varia¬ 
tion of the gain parameter. 
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Summary 


Fluid Imes often play a major role in the dynamics of hydraulic control werden. Das Verfahren ist sowohl auf hydraulische als auch elektrir 

and other s^tems. The hydraulic line betwwn two cross sections is sche Obertragungsleitungen anwendbar. Mit diesem Verfahren ia«PT i 

charactercBd by a four-terminal network with pressure and rate of sich Sprungantworten, wie sie bei der Untersuchung von Druck- 

flow the interacting i^ables. Use of this network leads to transcen- stoBen auftreten, giatten. Zwischen den theoretischen und den Ver- 

dental transfer functions that are not suited to the computation of suchsergebnissen wurde eine gute Dbereinstimmung erzielt. 

system transients. The standard technique of power series expansions 

fails in that this yields instability in most applications where this 

instability does not actually occur. These difficulties are overcome by 

the use of infinite products. Only a few factors of these products are 

needed to compute transients to engineering precision. In contrast to Introduction 

the classical lumped constant approach to distributed systems the , 

accuracy of the approximation can be seen from the factors directly. power and fast response hydraulic systems are required for 

The technique applies to electrical transmission lines as well as missile, aircraft and other applications. In the analysis 

hydraulic. By this method one can smooth transient responses to step synthesis of such systems the fluid lines coupling the various 
changes arising in water hammer studies. Good agreement has been components must be considered. The lumped constant approach 
obtained between theory and experiment. is often employed, where nine or ten lumps per wavelength is 

used as a rule of thumb^. This approach is limited since infinitely 
Sommaire many degrees of fireedom are actually involved. Where feasible 


Les lignes pour fluides jouent souvent un r6Ie capital dans la dynami- 
que des commandes hydrauliques et d’autres systtoes. La ligne hydrauli- 
que entre deux coupes transversales est caract^ris6e par un quadripole 
oh la pression et le d6bit du fluide sont les variables coupl^es. L’utilisa- 
tion de ce r6seau conduit k des fonctions de transfert transcendantes 
qui ne conviennent pas au calcul des regimes transitoires du syst^me. 
La technique standard de d6veloppement en series de puissances 
echoue parce qu’elle conduit k de rinstabilit6 dans beaucoup d*appli- 
cations oh cette instability n’existe pas en fait. Ces difficultys sont 
surmontyes par I’emploi des produits infinis. Quelques facteurs seule- 
ment de ces produits sont suJffisants pour calculer les rygimes transi¬ 
toires avec une prdcision suffisante. Contrastant avec Tapproche 
classique des constantes localisyes, k I’ytude des systymes rypartis, la 
prycision de I’approximation peut ytre directement vue k partir des 
facteurs. Cette technique s’applique aux lignes de transmission 
yiectriques aussi bien qu’aux lignes hydrauliques. Par cette mythode, il 
est possible de ryduire les rdponses transitoires aux variations en 
ychelon qui se produisent dans les ytudes du phynomyne de coup de 
byiier. Une bonne correspondance a obtenue entre cette thyorie et 
les rdsultats expyrimentaux. 

Zusammenfassiuig 

Stromungsfiihrende Leitungen spielen oft eine wichtige Rolle fur das 
dynamische Verhalten hydraulischer Regelungen und anderer Systeme. 
Die hydraulische Leitung zwischen zwei Querschnitten wird durch 
einen Vierpol dargestellt, bei dem Druck und Strbmungsgeschwindig- 
keit die sich gegenseitig beeinflussenden Verfinderlichen sind. Die 
Benutzung eines solchen Netzwerkes fiihrt zu transzendenten tJber- 
tragungsfunktionen, die sich fur die Berechnung des Ubergangsver- 
haltens des Systems nicht eignen. Die iibliche Methode der Potenz- 
reihenentwicklung versagt hierbei, da sich fiir die meisten Anwen- 
dungsfaile Instabilitat ergibt, die in Wirklichkeit nicht auftritt. Diese 
Schwierigkeiten werden durch die Verwendung von unendlichen 
Produkten umgangen. Nur einige wenige Faktoren dieser Produkte 
sind fiir die technisch genaue Berechnung des Ubergangsverhaltens 
notig. Im Gegensatz zur klassischen Annaherung der Systeme mit 
verteilten Parametem durch konzentrierte Konstanten kann die 
Genauigkeit der Naherung direkt von den Faktoren abgelesen 


the distributed parameter approach is to be preferred. The 
second-order transfer matrix equation of electrical transmis¬ 
sion line theory is used here to relate pressures and flows at two 
cross sections of a hydraulic line. The matrix equation describes 
a four-terminal network, and agrees well with frequency re¬ 
sponse experiments for large and small pipes. 

With the aid of boundary conditions one can often obtain 
transfer functions relating two of the four variables associated 
with two cross sections of a line. This is true, for example, if 
there is a fixed orifice at one of the sections, or there is a large 
reservoir at one section and a valve at the other discharging to 
atmosphere; or there might be a tank ahead of the valve. The 
transfer functions are transcendental in the Laplace variable s. 
It is convenient to employ these functions to compute frequency 
response, but serious mathematical difficulties are encountered 
when they are used to calculate transient response. The standard 
techmque of expanding the functions in power series yields 
characteristic equations with negative coefficients implying 
system instability where it does not actually occur. To overcome 
this difficulty the transfer functions are written here as quotients 
of infinite products of factors linear in s* In practice one need 
keep only a few of the factors. A major advantage of this ap¬ 
proach over the standard lumped constant technique is that 
one can see the accuracy of the approximation directly from 
the factors. The inclusion of more terms to approximate the 
transfer functions to greater bandwidth does not require solving 
successively higher degree algebraic equations. The infinite 
product approach applies to electric as well as hydraulic lines. 

Fundamental Equations 

It is assumed in this analysis that the hydraulic line is a 
straight horizontal pipe of constant circular cross section. At 
each cross section average pressure head, velocity and fluid 
density are employed. Friction is first neglected. The coordinate 
of distance along the pipe and time are denoted by x and t 
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respectively. The deviations in average velocity and pressure 
head at a cross section with coordinate x for the time t are 
given by u (x^ t) and h (x, t) respectively. Letting p designate the 
fluid density, g the acceleration of gravity, K the bulk modulus 
of elasticity of the pipe material, / the pipe wall thickness and r 
the inner pipe radius, the well-known equations of flow^ are 

du{x,t) _ dh(x,t) .. 

dx dt ^ 

du(x,t) Jhix,i) 

Si — ^sr- ® 

where 

The speed a of sound in the pipe is given by 



Let U (pc, s) and H (x, s) be the Laplace transforms of u (x, t) 
and h (x, t) respectively where s is the Laplace variable. Let 
q (x, t) be the average flow rate deviation at a pipe section of 
area A, whence 

q(x,t)=Au(x,t) (4) 


The solution of eqns (1) and (2) is now given by the matrix 

e(,)y,-v, ( 7 ) 

where 


0(s)= 


cosh TgS 
^—Zq sinhTgS 


—-T^sinhTeS 
cosh T^s 


Fl= 

■fii (5)1 

V — 

■Q2(s)1 




See the block diagram of Figure 2 where is a summer. 

Equation (7) applies if the pipe is not straight but has no 
sharp comers. 



Let Q (x, s) be the Laplace transform of q (x, t). Let sections 1 
and 2 designate the cross sections ;c = 0 and a: = L of the pipe. 
See Figure L The variables Hi (s), Qi (s) for i = 1, 2 are defined 
by 

Hi(s)=H(0,s) 

H2(s)=H(L,s) 

ai(s)=Q(0.s) 

The line impedance Zq and time constant are given by 



( 6 ) 


The initial conditions u (x, 0+) = h (x, 0+) = 0 for flow rate 
and pressure head deviations at ^ = 0'*' are assumed to hold. 


Section 1 Section 2 



-*- 1 -► 



u(x,t) 


0 

1 

1 1 



1 

■' ' i. 


qy(t) Uniform pipe of constant 

Cross sectional area A h 2 (t) 


Figure 1, Hydraulic line 


Qi(s)- 
Hy{sy —I 


G(s) 


-Qis) 

-Hzis) 


Figure 2, Block diagram of line 


Tests 

The validity of eqn (7) was verified for large lines by 
frequency response runs of Oldenburger and Donelson^ at the 
Apalachia power house of the Tennessee Valley Authority. 
They oscillated the gates of a 53,500 h.p. hydraulic turbine and 
recorded hydraulic among other variables. This system involved 
a tunnel 8 miles long and 18 ft. in diameter, a differential surge 
tank, and two 600ft. penstocks, lift, in diameter. Excellent 
agreement between theory and practice was obtained over the 
frequency range of c/h to 2 c/s. J. D. Regetz at the Lewis 
Center of the National Aeronautics and Space Administration 
made frequency response runs on a 1 in. diameter stainless steel 
pipe®. The distance between the cross sections 1 and 2 of this 
pipe was 68 ft. Wall thickness was 1/16 in. Good agreement was 
obtained for 0*5 c/s to 90 c/s. The fluid was JP—4 jet fuel at 
501b./in.® gauge, 25® C, average flow rate of 37in.®/sec, and 
Reynolds number about 14,000. The area of a valve near 
section 1 was varied. The fluid discharged to atmosphere at 
section 2. Pressures and flow rates at sections 1 and 2 were 
recorded. Runs on a ^/ain. diameter line at the Automatic 
Control Center of Purdue University have also been successful. 

The tests mentioned above indicate that the basic water 
hammer eqns (1) and (2) hold, friction effects are largely 
negligible (especially at high frequencies), and longitudinal pipe 
vibrations are small compared with the phenomena described 
by eqn (7). 
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Line Discharging Through a Fixed Orifice 


Thus 


It is supposed that there is a fixed orifice at section 2 of 
Figure 1. This is the case of Figure 3 where the volume of the 
chamber C at section 2 is zero and the opening y (t) of the valve 
is constant. No restrictions are placed on the physical configura¬ 
tion to the left of section 1. Thus this is the case of a line discharg¬ 
ing through an orifice. It is assumed that the following relation 
holds at section 2 for a constant dependent on the orifice 
characteristics: 


Hence 


S(L,t)^KohiL,t) 


Q2(s)=KoH2(.s) 



( 8 ) 

( 9 ) 


Q2(s) = Ci Yis) + C2H2is) + C2SH2(s) 

(15) 

where Y (s) is the Laplace transform of y (/). 

It . is assumed that there is a source of constant pressure at 
section 1, as when there is a large reservoir at this section, or 
accumulator supplying fluid, or a pump with a relief valve. Now 

hi0,t)=0 

whence 

(16) 

Hi(s)=0 

By eqns (7) and (17) 

(17) 

22(s)=6i(s)coshr.5 

(18) 

^ 2 ( 5 )= —Zofii(s)sinhTeS 

(19) 

Equations (15), (18) and (19) imply that 


22 (s)_p cosh TjS 

y(s) * cosh reS-|-Zo(c 2 +C 3 s) sinh r^s 

(20) 


Figure 3. Pipe followed by chamber and valve 


^nation (8) holds for an arbitrary orifice and small f;hang<»g 
in pressure and flow about a steady operating point. By eqn 
(7) and (9) line transfer functions G, is), G* is) and G, is) are 
obtained, where 


y _ sinh TgS 

y(s) “ ^ cosh reS-l-Zo(c2+C3s) sinh r,® 

The case of a constant pressure source at section 1 and a 
valve at section 2 discharging to atmosphere occurs when the 
volume of chamber C is zero, whence eqns (20) and (21) apply 
with Cs = 0. 


Gj (jj__ cosh T^s-b JCqZq sinh 7^ 

cosh TeS+- ^ sinh T^s 


Gzis) 


_H2is) _ 1 

Hiis) coshTgS-l-iCoZosinhr^s 


( 10 ) 


( 11 ) 




Qiis) 

Qx(sy 


cosh TeS-i-——sinh T*s 


K.Z, 


0^0 


( 12 ) 


With s —Jco for j «]/~l eqn (10) yields the normalized line 
impedance (Joi). To verify eqn (7) Regetz® made theoretical 
and experimental plots of the magnitude and phase of this 
transfer function versus frequency. 


Line M'ith Constant Pressure at One End 

Consider the configuration of Figure 3 where there is a 
chamber C at section 2 of the line. The chamber pressure head 
deviation from equilibrium is denoted by The fluid discharges 
to atmosphere from the chamber C through a valve. The 
deviation in one efiective orifice area of the valve is taken to 
be A^y (r) for a constant and valve stroke deviation y (r). 
Now 

hr=^h(L,t) (13) 

For constants and depending on the characteristics of the 
valve, and a constant depending on the bulk modulus of the 
fluid and chamber characteristics one has 

q (L, 0 « Cl j; (0 +ah (L, t)+ c, (14) 


Friction 


Linear pipe friction may be included by using 

( 22 , 

in place of eqn (2), where Kf is a friction constant. Equation (22) 
proved adequate to describe flow in Vs hi* diameter lines. Let 
P (s) be defined by 

P (s) = yJ^+gKf’S (23) 

With the initial conditions 


we have 
where 


«( x , 0 ‘^) = h ( x , 0’^)=0 


Gfi(s)V, = V2 


coshTJis) _L^sinhTej5(s) 

- Zo-^^inh TJ (s) cosh (s) 

s 


(24) 


With the fixed orifice as the boundary condition at section 2, 
the ratio of pressure head to flow deviations at section 1 is given 
by 

Hi(s) 1 ®os^^*^(s)+J^oZo^siiih T*)8(s) 

^°coshr,/?(5)-h^^sinhr,^(s) 

For s numerically large, p (s) may be replaced by s, whence 
eqn (25) reduces to eqn (10). Since for frequency response s ^ jco 
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it follows that friction effects diminish as the frequency increases, 
and are negligible at high frequencies. 

For the tests of Regetz 

Zo=28,700 sec/ft.^ Kq =543 x 10" ® ft.^/sec 

r,=0-0176 sec Kf =0-0264 sec/ft. 

The diflFerences in magnitude and phase angle for the input line 
impedances {/fi (j(o)IQi (J^)} given by eqns (10) and (25) were 
less than 4 per cent at 1 c/s and less than 1 per cent at 5 c/s. 

Perfect Transmission 

For the tests of Regetz® 

KoZo = h56 (26) 

From eqn (10) the magnitude ratio of pressure head deviation to 
flow rate deviation at section 1 normally varies with the frequen¬ 
cy. If, however, 

KqZq = 1 (27) 

the line transfer functions (s\ (s) and G^ (s) become 

Gi(s)=l, Gj(s)=G3(s)=e-^** (28) 


Let X and y be the real and imaginary parts of r, so that 
^ ^ + 7>. Writing cosh z and sinh z as 


coshz= 
the equation 

becomes 


r + 


sinhz = 


e —e 


2 ’ - 2 

cosh z+B sinh z=0 

2x • ^ ^1 

S+1 


e *cos 23 /-fje^*sin 2 j;= 


If B is real eqn (32) gives 


e cos2j)= 


B-1 

B+1 


e^*sm2y=0 


(31) 

(32) 

(33) 

(34) 


Solving eqns (33) and (34) the roots of eqn (31) are found to be 






B-1 


jBH" 1 

|B-l| 


, .2n+l „ , 

±J-^it B<1 


B+1 


(35) 


±jnn 


B>1 


Where condition (27) is satisfied, the analysis of the line is 
simple since pressure and flow rate deviations are proportional 
and in phase with each other at each cross section of the line. 
The proportion is independent of frequency. Pressure and flow 
disturbances are propagated along the line as pure delays with 
the delay time between sections 1 and 2. The authors feel 
that this phenomenon may have worthwhile practical applica*- 
tions. 

Root Factor Approximations 

The transfer functions in eqns (10) to (12), (20) and (21) 
are all proportional to quotients of transcendental functions 
of the form F (z), where 

F (z)=cosh z+sinh z (29) 

and z = TeS, Here J9 is a constant or function of s. The same 
is true of the transfer functions arising from eqn (24) for 
the case of line friction, except that z is a more complicated 
function of s. Severe mathematical difficulties arise when the 
transcendental functions are employed directly to compute 
system response to step and other disturbances. When F(z), 
z = Tg j, is the denominator of such a transfer function the 
technique of expanding jP(z) into a power series in z, and 
keeping lower order terms to obtain rational approximations 
to tile transfer functions fails. Thus, keeping terms to the fifth 
degree yields the approximation F^ (z), where 

F, (z)=1+Bz+^+^+|^+^ (3d) 

For R # 0 the function Fg (z) has a zero in the right half plane. 
It follows that fifth and hi^er degree approximations to F(z) 
yield instability where it does not occur physically. To avoid 
this difficulty ^e authors expand F(z) into an infinite product 
instead. 


For R = 1 there are no bounded roots of eqn (31). 

Introduce where 

1 . B-1 

'From the roots of eqn (31) the function F (z) can be factored 
into an infinite product, as follows: 


coshz+Bsinhz= 


1 — 


2XbZ-z^ 




B<1 (36) 


coshz+ir™hz=[l-£]nJl-^^]B>l (37) 

A complex plane plot of the roots of eqn (31) is shown in 
Figure 4. A plot of Xb versus B is given in Figure 5. 

The transfer functions G^ (s\ G^ (s\ G^ {s\ {s)IY{s) and 

-^2 CO for the cases of an orifice or valve at section 2 can 


z Plane 




Z«V2 Inp 

i tnir 5>1 

±e<1 

/7= 0,1,2... 


y 

4tT 


2frh 
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-2irr 


-4fT 


Figure 4. Roots of cosh Z’\-B sinh z^O 
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Figure 5, Real part of roots 


be expressed as infinite products by eqns (36) and (37). 
The root factor method is understood to be the procedure of 
finding the zeros of cosh 2 + 5 sinh z and expressing this 
function as a product of corresponding factors. The transfer 
function will be used to demonstrate the root factor 

method. 

Let JlToZg = 1'56 as for the Regetz experiments. The func¬ 
tion Gj (s) is now given by 


(38) 


Q 2 >+1-S6 sinh 

^ ^ cosh +0-642 sinh 

the numerator of {s) is given by the right-hand side of eqn (37) 
with z = TgS and B = 1-56, and the denominator by the right- 
hand-side of eqn (3Q with z = and 5 = 0-642. It follows 
that 


1 ——1 fr 1 

j(s) = Xg+n^n^ J 


00 

n 


By Figure 5 


^ 2Xj,TgS-{TgS) 


(39) 


Xb=-0-163 


In the Regetz experiments T* = 0-0176. The function G, (s) is 
now 


where 


G,(s)=l 


1 +— 

® 0 _ 

00 

n 

«=1 

1+2*'^”^+ 
L C 0 l» 

-1 

00 

n 

11 = 0 

sj 



Oq =434rad/sec 


0)1 ,=56-8 7(0-763)^ +(n nf 

,=56-8^(0.763)^+(^J,i2 


0)2 

nzn 


(0-763)^+( 

(0-763)^ / 
(0763)^+Fi^ 


4 


(0-763p 


(0-763)^+ 




(40) 


For 0 to 90 c/s the function G^ (joi) is approximated within 
1 dB in magnitude and 5° in angle by taking « = 0 to 5 in 


^n (^), by letting s = j(o, and neglecting all other terms 
in the infinite product. The approximation obtained by dropping 
the factors for n > m will be denoted by (/co). In Figures 6(a) 

and (b) are shown the magnitude ratio and phase curves for the 
precise tr^fer function G^ (Jco) and the approximation Gjg (jco). 

Dropping the n ^ 2 factors in formula (40) yields Gu (s) 
where Gu (s) is a cubic in s divided by a quartic. There is excellent 
agreement between Gi (Jco) and Gu O) from 0 to 50 c/s. 
For the sake of brevity the frequency response plots are omitted. 

Dropping the « ^ 1 factors in fohnula (40), there results 



(41) 


In Figures 7(a) and (b) are plotted the frequency response 
curves for Gi (Jw) and Gm (/tu). Clearly, Giq (/co) is a good 
approximation to G^ (Ja) for 0 to 15 c/s. 

Thus the infinite products in eqn (40) converge rapidly. 
The root factor method yields accurate rational approximations 
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Figure 6 (a). Magnitude ratio curves of (/co) and {jm) 
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Figure 7 (a). Magnitude ratio curves of (/co) and G^q {jw) 
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Figure 7 (b). Phase curves for G, (jm) and Gj, Qm) 
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to Gi (s). The bandwidth of the other components in a system 
with hydraulic lin^ determines the largest value of to 
include in the approximations. The largest value of the line 
frequency constant should about 1*5 times the bandwidth 
of the other transfer functions in the loop. 

The numerator of the fraction on the right in formula (20) 
for Q 2 (s)IY(s) is the single term cosh Since formula (31) 
holds when B = 0 there is no difficulty. On the other hand, the 
numerator sinh T^s of is)/Y (s) in eqn (21) corresponds 
to B = 00 where eqn (31) breaks down. To avoid this 
difficulty let 


The equation 


has the roots 


sinh TqS 


TeS 


= 1 


5=0 


sinh TgS 


=0 


(42) 

(43) 


T^=±jnn, n^O 


It follows that 


Hi(s)= 


Division yields 


1 I 

qpZo "^i+KoZo^ 

S 1 , ^oZq — I ^-2TtS 
^^KoZo + 1 


where 


(-«■.. (1^)' 


~2nT«s 


Sn — 


1 n=0 

2 


(49) 


(50) 


Taking the inverse Laplace transform the precise response is 
found to be 

hi (0=3o Zo (-1)"(51) 

where S (t) is the unit step function given by 


which follows from’eqn (35) when 00 . Thus one may use 

sinhr^=r^n(i+^) (44) 

In the denominators of formulas ( 20 ) and ( 21 ) 

B^Zo(,C2~bc^s) ( 45 ) 

In the chamber and valve case B is not a constant. It is a simple 
matter to solve eqn (31) with z = T^s for given numerical 
values of Zq, and C 3 . Thus if 

Te=0-0176, Zo=28,700, Cj=2-72 x 10" 

C3=6-98xl0"^r* (46) 

the roots of eqn (31) are 


s(0= 


0 

1 


t :£0 

t>0 


Let ^io(/) denote the approximate response at section 1 
computed by using G^o (s) of eqn (41) in place of Gi (s). The 
corresponding approximate Laplace transform ifio 
given by 


Hio(.s)= 


^0 

sKo 


whence 



/«io(T)=-^[l-e- 

Kq 

where 


^•“"(2-28)cos(3.15t+1-12)] 


(52) 


(53) 


whence 


z= -0-685+1-22 J, -0-235 ±6-82;, 
-0-145±9-82;, -0-095±12-0;,... 


coshz+Zo( C 2+-^2 




e 

fi I 2^+0-47z~|r z^+0-29z"|r. z^+0-19z1 

Similarly, more complicated functions B of s may be treated. 


Transient Response 


The pressure head transient (t) at section 1 for a step 
change in flow rate at sectipn 1 will be obtained for the case 
of an orifice at section 2. By equation (10) the ratio Hi is)IQx (s) 
of the Laplace transforms of pressure hbad and flow rate at 
;c = 0 satisfies 


1 /. r.% 


The step change in flow rate corresponds to 


(48) 



t 


Curves of (t) and (t) versus multiples of are plotted 
in Figure 8. The use of ^10 (s) in place of (s) yields a good 
fit to the actual transient (marked theoretical), and is to be 
preferred to it in that the (jt) curve is a smootlied version of 
the (t) curve with the sharp corners removed. The smoothed 
solution ^10 (0 is easier to use in analysis and synthesis. 

The root factor method is valid for the computation of 
transients for systems with boundary conditions other than 
those treated in this paper. It can be applied with equal facility 
to the transfer functions of Ezekiel and Paynter®, Zweig® and 
others where a linear boundary condition is used. 



Figure 8. Precise and approximate transients 


All 



R. OLDENBUROER AND R. E. GOODSON 


Operations 

Let 


/) = 


_d 

dt 


By definition 

(cosh T,D)f (t) (t-T,) 

(sinh Tj>)f(t) 


(54) 

(55) 


The partial diflferential eqns (1) and (2) may be replaced by 
the ordinary differential equations 


q (L,0=(cosh TJ))q (0,0-4-(sinh TJ))h{Q,t) (56) 

h(L,t)= -Zo(sinhreD)?(0,t)+(cosh7y))A(0,0 (57) 
relating sections 1 and 2. Equation (48) may be taken as 


MO, ,)=^f2gjLr.z)+jCoZosinhr.i)^^Q^ 

° cosh r^Z)+.5;^-_sinh TJ) 


KoZo 

By eqn (40), dropping the n ^ 1 terms, 


h(0,0= 


1 +— 
_o)o 


.X9(0,0 

1+2^D+- 
^20 (^20 


^0 1 , ^ V20 ^ ^ 


(58) 


(59) 


The simple rational i)-operator in eqn (59) suffices for 
first approximation studies. The operators (?io(T>) or Gii(p) 
are adequate unless the system variables change rapidly. 


Mr. John Sanders and Mr. John Regetz, Jr., of the National 
Aeronautics and Space Administration supplied the authors with 
experimental data in connection with this study. They are grateful 
for this, and appreciate the support of the National Aeronautics 
and Space Administration which sponsored the paper. One of the 
authors war assisted by a fellowship of the Fisher Governor 
Company and the Foundation for Instrumentation, Education and 
Research. 


Nomenclature 


a Speed of sound in line (ft./sec) 

A Cross sectional area (ft.®) 

Orifice area (ft.*) 

B Constant in characteristic equation 
bi (f) Constant of integration, f = 1,2 
E Modulus of elasticity of pipe 

f W^l thickness of pipe 

g Acceleration of gravity (ft./se(^ 

G (r) Transfer matrix 

Cl (j) Normalized transfer function between head and flow 
at section 1 

Cj(j) Transfer function between heads at section 2 and 
section 1 


G3 (f) Transfer function between flows at section 2 and sec¬ 
tion 1 

Gii Is) The /th root factor approximation to G^ (j) 
h (x, t) Pressure head deviation (ft.) 
hT Pressure head deviation in chamber 
H (a:, s) Laplace transform of h (jc, t) 

Hi (j) Laplace transform of h \x, t) at section 1 
j , |/-I 

K Bulk modulus of fluid 

Kf Pipe friction coefficient 

Kfj Reciprocal of slope of pressure versus flow curve at 
average flow 

L Distance between sections 1 and 2 (ft.) 
do Flow increment (ft.®/sec) 

di (x, t) Flow rate deviation (ft.®/sec) 

Qi (s) Laplace transform of qi (r) 

Q (x, s) Laplace transform of (x, t) 
r Pipe inner radius 

s Laplace variable, transformation with respect to time 
S (t) Unit step function 

t Time (sec) 

Tg Lja (sec) 

u {x, t) Velocity of fluid in pipe, deviation (ft./sec) 

U (x, s) Laplace transform of u {x, t) 

Vi (j) Colunm vector with elements Qi (j) and Hi (s) 

X Axial pipe coordinate (ft.) 

Xb Real part of root of characteristic equation 

z Variable in characteristic equation 

Zq afg A, sec/ft.® 

« Weight densi^ of fluid divided by equivalent bulk 

modulus (ft.”'^) 

/J(j) y St-\-gKp 

rj Damping factor 

/< Viscosity of fluid (c^) 

(0 Frequency (rad/sec) 
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DISCUSSION 

Siemens-Schuckertwerke, Erlangen, eliminate them by using root-factor approximants. Conventional 

PrnftaecirsK niAa u j . expansiops of the exponential function and related functions can 

Professor Oldenburger and Mr. Gopdson reported on the difficulties result in unpleasant surprises. 

of sunulatmg the lag of hydraulic lines, and they have shown how to Investigating the stability of Pelton plants we had faflen victim 
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to these difficulties. We have overcome them by replacing the ex¬ 
ponential functions by a Pad6 table function^ ^ of preferably equal 
grade in numerator and denominator. 

It would be possible to convert the cosh- and sinh-functions 
appearing in the transfer functions of the paper to exponential func¬ 
tions with negative argiunent, as they represent nothing but one or 
more transportation lags. The exponential functions could be replaced 
by Pad6 approximants as mentioned above. 

In this case, contrary to the root factor approximation, the factors 
before the transcendent functions appear untransformed in the approxi- 
mant. This feature may be of great advantage if B itself is a poly¬ 
nomial of z or .y; as is the case when the calculation comprises a total 
control system with hydraulic lines included. 
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Using the first terms of the root factor expansions ford cosh TeS an 
sinh Tes yields 



The approximations are of the same form, but the Padd method yields 
a natural frequency 16 per cent too high, while the natural frequency 
of the root factor approximation and the first natural frequency of the 
transcendental model agree. Further, if viscous effects were important, 
the Pad6 technique would not be applicable. 

Reference 

^ Goodson, R. E. Viscous and boundary effects in fluid lines. 
Ph, D. Thesis^ Purdue University (January 1963) 


P. D. McCormack, Engineering School, Dublin University, Eire 


R. Oldenburger and R. E. Goodson, in reply 

The suggestion of using Pad6 approximations to the pure time delays 
when they occur in the transfer function for a hydraulic line has 
advantages especially when the terminal impedance of a line is other 
than purely resistive. However, the root factor expansion as presented 
in the paper and as recently extended^ has advantages over the Pad6 
expansions and the Taylor series expansion which make it more ap¬ 
plicable in general. These advantages are: 

(1) The root factor expansion preserves in the rational approxima¬ 
tions the correct values of the undamped natural frequencies of a fluid 
line, while the Pad6 and Taylor series method yield natural frequencies 
which are different from those given by the transcendental model. 

(2) In the cases where the terminal impedance of a line is not purely 
resistive, e.g. eqn (15) in the paper, and where friction or viscosity 
effects are significant, the root factor expansion may by applied direct¬ 
ly to the transfer matrices themselves [G {s) and (.y) in eqns (7) and 
(24), respectively] before the boundary conditions are specified. This 
is done by expressing the cosine and sine hyperbolic functions in their 
infinite product expansions. The Pad6 approximations, however, for 
fluid lines where viscous effects are significant, are inapplicable directly 
since pure delay terms do not appear in the transfer functions. 

(3) The Pad6 approximation technique may indicate instability 
where it is not indicated in the transcendental model and stability may 
be indicated where the transcendental model indicates instability. 

As a simple example comparing the results of a Padd approxima¬ 
tion and the root factor expansion, consider a hydraulic line supplied 
from a constant pressure source. The transfer function relating head 
deviations to flow deviations becomes from eqns (18) and (19) 

Uijs) sinh 
0,2 is) “ cosh TeS 
Writing (s)l(.Qi (s) as 

H2is) 

Qiis) 


and using the second order Pad6 approximation 




there results 



Most rocket, aircraft and many industrial control systems are subject 
from time to time to high Y vibrations. It is the effect of lateral high 
Y vibrations on the flow characteristics through hydraulic and pneu¬ 
matic lines to which I wish to draw the authors’ attention. 

For example, if z is the ordinate perpendicular to the flow direction, 
then the inclusion of 5z/5r term will be necessary in eqn (1) in the 
presence of such a disturbance. It is almost certain that vibration will 
tend to cause secondary flow or at least bending of the streamlines. 
This will lead to an oscillating component (at the vibration frequency) 
in the expression for the pressure drop along a section of the line and 
a corresponding flow oscillation. If such an effect is possible, then this 
can cause vibration induced noise in hydraulic and pneumatic control 
systems. 

Finally, such bending of the streamlines would, of course, cause a 
variation in the line impedance, Zi©. 


R. Oldenburger and R. G, Goodson, in reply 


Professor McCormack brings up an interesting question concerning 
the lateral vibration of fluid-carrying conduits. We have been concerned 
more with longitudinal conduit vibrations and the effect of conduit 
bends on the fluid variables, but lateral vibrations could have an 
appreciable effect especially in the presence of high fluid velocities and 
bending of the conduit. One way to include the effect of lateral vibra¬ 
tions in the basic fluid dynamic equations would be to transfer the 
coordinates to a non-stationary coordinate system. A simpler way 
and one which should give fair results would be to include in the 
momentum equations body forces on the fluid induced by lateral 
vibrations as suggested by the discusser. Denoting by z (x, t) the lateral 
deflection of a fluid conduit in a given plane, the force per unit volume 
would be proportional to the product of the acceleration of the conduit 
and the change in the lateral deflection with respect to x or for small 
changes in deflection 




d^y dy 


The deflection y (x, t) would be found from the bending moment 
equation and the fluid force on the conduit would be given by 


Fzx=-pu^ 


d^z 


Using these forces an investigation of the one-dimensional fluid 
dynamic equations with lateral vibration could be made. It would be 
expected that the external input vibration would significantly affect 
the fluid variables only in the presence of high-frequency or appreciable 
conduit deflections. 
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The Optimization of Computer-Controlled 
Systems Using Partial Knowledge of the Output State 

B. G. ANDERSON 


Sunmiary 

A technique developed by Merriam is extended to cover the design 
of an optimum controller of a dynamic plant when information via 
certain feedback paths is not available at the controller. The plant 
can be linear or non-linear and amplitude liniitation of the input 
control signal is permissible. The method is useful in assessing the 
penalties that accrue when simplifications are made in the finally 
realked system, e.g. omission of a feedback link in a constant-co¬ 
efficient system may ideally require time-varying compensation, but 
the best constant-coefficient realization can be found. 

A fourth-order constant-coefficient plant is considered which has 
no feedback information from two output elements, and a constant- 
coefficient realization of the optimum system is derived. 

Sommaire 

Une technique d6velopp^ par Merriam est 6tendue pour couvrir 
1 etude d’un combinateur optimal d’un processus dynamique quand 
rinformation par certaines voles de contre-reaction n’est pas dis- 
ponible au combinateur. Le processus peut Stre lin6aire ou non- 
lin^aire et on permet la limitation d*amplitude du signal d’entr^e. La 
m^thode est utile pour 6tablir les ddsavantages qui s’accumulent 
quand on fait des simplifications dans le systdme finalement r^alis^; 
par exemple, remission d’une connexion de contre-r6action dans 
un syst^me k coefficients constants peut id6alement exiger une 
compensation variable dans le temps, mais on peut trouver la meii- 
leure realisation de coefficients constants. 

On considdre un processus k coefficients constants du quatrieme 
ordre, qui n’a pas Tinformation de contre-reaction de deux elements 
de sortie, et on deduit une realisation k coefficients constants du 
systeme optimal. 

Zusammenfassung ^ 

Ein von Merriam entwickeltes Verfahren wird erweitert, um einen 
optimalen Regler ffir eine dynamische Anlage (Regelstrecke) zu ent- 


werfen, wenn dem Regler die Ruckffihrsignale nur teilweise zur Ver- 
fugung stehen. Die Regelstrecke kann sowohl linear als auch nicht- 
linear sein; auBerdem ist eine Amplitudenbegrenzung des Eingangs- 
signals zulassig. Das Verfahren eignet sich zur Abschfitzung der Nach- 
teile, die bei Vereinfachungen in der. endgultigen Ausfiihrung ent- 
stehen. So wiirde z. B. das Weglassen eines Riickkopplungszweiges in 
einern System mit konstanten Koeffizienten eigentlich eine zeitab- 
hangige Kompensation erfordern; doch ISBt sich mit dem Verfahren 
die beste Ausfiihrung fur Glieder mit konstanten Koeffizienten 
finden. 

Eine Anlage vierter Ordnung mit konstanten Koeffizienten, die 
von zwei AusgSngen keine Ruckfuhrinformation erhalt, wird be- 
trachtet und ein optimales System mit konstanten Koeffizienten 
abgeleitet. 


Introduction 

Over the past few years there has been considerable interest in 
the possible use of digital and analogue computers for the 
control of dynamic plants (see Figure i), a trend which has 
arisen from advances in computer technology and the versatility 
of such control methods. The mathematical techniques of 
Bellman^ Pontryagin^ Merriam® and others are available for 
the design of the optimum computer controller provided that 
all the state vector elements of the plant are known and are 
accessible to the computer. In practical systems, however, it 
may be difficult and expensive to obtain and communicate in¬ 
formation on particular state vector elements. One method of 
dealing with this situation would be to derive the missing state 
vector elements from a mathepiatical model of the plant within 
the on-line computer, but this would necessarily increase the 
complexity and cost of on-line equipment. 


■ Plant 
disturbances 



Limited 

feedback 

Information 

Figure 7. The general computer controlled plant 
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It is the purpose of this paper to present an alternative solu¬ 
tion. The mathematical technique of Merriam is extended to 
design a near-optimum computer controller based on restricted 
knowledge of the output states and to assess the penalties in 
performance which necessarily accrue. 

The iVth order plant to be controlled is defined by the 

equation i;(()=BZ(0+Cm(0+«(0 (1) 

where m (t) is the control signal vector whose elements are 
assumed to be bounded such that L^if) ^ rrin (t) ^ for 

I N, Also B and C are N x N matrices whose elements 

are functions of Z (/) and t and, for most cases of interest, the 
matrix C is diagonal. This condition will apply throughout. 

The response signal vector is 

q(t)=^AZ(t) (2) 

where A is again mN x i'/matrix whose elements are functions 
of Z (0 and t 

If now Ni of the most general constraints, which are linear 
in the elements of w, i.e. 

Prt (^l» •••> ..., Zjy, 0 (3) 

for « == 1,... and ^ N, are placed on the elements of the 
input vector, then this vector can be chosen at a later stage in 
the development in such a way that certain feedback paths are 
omitted. 

The performance criterion chosen is 


Eqn (4) 


where (2« (0 and (0 are elements of the desired response and 
control signal vectors, respectively, and r is the interval over 
which Q (0 may be predicted with confidence. Also <l>n and ij/n 
are weights which determine the compromise between response 
deviations and control effort, and, in general, they can be func¬ 
tions of Q (0, q (0 and /. 

Constrmned Optimization 

To determine the optimum controller Bellman’s functional 
equation method of dynamic programming is evoked. 


Thus, define a minimum error function by 

It 


Eqn (5) 


where L indicates that the control signal vector mCo*) is 

bounded by the vectors If and Ir for all a in the range 
< r -h T and m(<7) is constrained by eqn (3). 

Expanding the integral about the lower limit to a first order 
ins gives ,- ^ -j:|: 


Eqn (6) 


and expanding the minimum error function about [i results in 

JS[Z(/^+8),At+8]=£[Z0t),/i]+8E'[Z(^),/i]+0(e=') (7) 

where primes indicate derivatives with respect to jx. Eliminating 
E[Z from both sides of eqn (6) and letting s tend to zero 
results in the condition 

Eqn (8) | § 

subject to the constraints on m(/^) defined by eqn (3). 

Now E[Z(jji),fi\ is not, in general, a quadratic function of 
the vector elements Z^ so expanding the minimum error function 
about an arbitrary point 2 (ii) results in the expression 

B [Z (ju), Ai]=^0 Ot) + Z K (J“) (ai) 

« = 1 
AT 

+ Z ^m(»Z,(/t)Z(/i)+higherterms (9) 

II,r = X 

where fcm == ^«r and the cap notation indicates that the Ic 
parameters are functions of the point 
Thus 

• Eqn (10) III 


Now substituting Z'(^) from eqn (1) into (10), then eqn (10) 
into (8) and introducing Lagrangian multipliers A„, for w == 1, 
... iVj, to perform the minimization with respect to the elements 
oimiii) gives 

[L^, if 

w,0i) “ I [m,0u)], if L;<[m^Cu)]<Lt (11) 

\l~, if [mr(ju)]^L7 


* Eqn (4): 

e(0=1^ Z^ [6»(<^)- (<^)]^} 


(4) 

^ Eqn (5): 

ElZ(fi),n']= min I Z 1 {^ii[6i«(«»^)-9n(<y)]^+!^'B[Af,(<^)-m„(<r)r}a(ff 

L[iii(<r)]L»“l -1 


(5) 

^ Eqn (6): 

E [Z (At), At] = min fe Z {<I>h [Q» (p) “ W] (m)]^}+£ [Z (At+8), At+8] 

Ltm(ii)lL n=l J 

(6) 

§ Eqn (8): 

II _ . _ - . 

min \i {^,[fi,(A‘)-«»(M)]"+l/'»[M„(At)-m,(At)y}+£'[Z(At),At]|=0 
Z.[m(|t)]Lii = l -1 ' 

. (8) 


Eqn (10): 


= Z^i(M)Z»(M)+ Z^«(m)Z.(|‘)Z» 0)+ Z^(/‘)Z,'(At)+2Z^r»(M)Zr(Ai)Z,(Ax)Uhigherterms (10) 


11*1 


ii,r=l 


n.r*! 

r^n 
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where 


Eqn (12) 


To detertnine the control signal switching vector 
eqns (11) and (12) must be substituted into condition (8) which 
is then evaluated at the point 2(u), but a further parametric 
expansion must be made to obtain the equations in the desired 
form, namely. 


„?i ^ Ot)+ 2 O) z, (ji )+ higher terms (13) 


whCTe, once again, the cap denotes that the ^’s 
ofZ. 


are functions 


Making the substitution 


and 


(14) 



cMj^„+X„)2 




(17) 


and 


Eqn (18) 


t 


Eqn (19) 


X 


where N, indicates the number of elements oimipt) that are on 
their boundary values whilst is the number of elements that 
are within the boundary limits. 

Substituting eqns (13), (14) and (15) into (12) gives the input 
at the real time t, i.e. 


(15) 

for «, r = 1, ... N, and substituting eqns (11), (12), (13), (14) 
and (15) into condition (8) leads to the condition 

(it)-A (At)] 

+ i ([J2«'(At)+^'(M)]-^„(At))2,(At) 

n®l 

JV 

"^n ^ ^ ~ 0 (16) 

where the functions are algebraic combinations of the it and 
A parameters. The higher-order terms in eqns (9) and (13) 
reduce to zero. 

Now, for a linear system with a quadratic performance 
criterion whose weightings (f>„ and are independait of the 
response vector q and which possess no bounds on the input 
^tor m, the it and X parameters are independent of the point 
Z (a), '^refore eqn (IQ is satished for all 2 if each coefficient 
of the Z terms are put to zero. For the general case the same 
procedure is also adopted but it must be remembered that there 
are other ways of satisfying eqn (16) since the realization of a 
non-linear system is not unique. 

■^e following set of non-linear &st order equations are 
obtained by this procedure: 

^o=—— 

11=1 


2\ffr y/rn=l 

Now the constraints can be applied, for if no feedback path 
exists from state element Z, to input then can be put 
zero. Similar treatment can be applied to a particular 
A, if required. To determine the non-zero it’s, eqns (17), (18), 
(19) and (1) must be solved backwards in time from fi — t z 
to = / but it B necessary to calculate or specify the values of 
the pai^eters X^. If 0 then the corresponding X„ must 
be re^ed in the equations, but if is not identically zero 
then Xfa s 0 enables eqns (19) to be solved. This leaves the N 
parameters, Xr, whose arbitrariness reflects the fact that the 
consteaints of eqn (3) have not been specified explicitly. Thus 
the Xf terw can be chosen to engineer the final realized system 
in a required form, e.g. a constant coefficient realization, and 
if eqmpment is not at a pr em iu m the ultimate aim would be to 
obtain a performance close to that of the system possessing all 
feedback paths. 

A possible way to determine the X^’s is found if the terms Xr 
and A, in eqn (18) are grouped in the form 

2 ( 21 ) 
11=1 „ 

“ 1» • • •» These expressions, which are the homogeneous 
portion of the constrained system’s adjoint equations, can be 
put to zero without affecting the validi^jr of eqn (16), provided 
the feedback paths associated wifli a limited input signal vector 
element are put to zero, i.e. if n belongs to N, thai lt„r is put 


♦ E^n (12): 
i Eqn (18) 


^r+X'=-il-2$„QA,r + 2u„(lt„ + Xj + bM + X„)2-2^ 

_ It ' 

X Eqn (19): -J 


( 12 ) 


(18) 

( 19 ) 


482 






THE OPTIMIZATION OF COMPUTER-CONTROLLED SYSTEMS USING PARTIAL KNOWLEDGE OF THE OUTPUT STATE 


identically to zero for all r. Thus, if care is taken to exclude 
Aese feedback terms, a convenient method of determining future 
XfS is available once a starting value is chosen. For a linear 
system it is seen that the equations formed from (21) determine 
a transient response giving all values of later from the 
original initial conditions. 

The end values required in solving eqns (17), (18), (19) and 
(1) are obtained from the condition 


mi 

m2 

m3 

_m4 

and are shown in Figures 5 ,4 and 5, respectively. These responses 
were sluggish. 

The performance criterion chosen was 


[fi +2.0 e+e] 
0 

[0.5e + 1.3Q + Q] 
0 



£ (t "1“ t), t "b t]=0 

(22) 

thiis 

^o(<+t)=0 

(23) 


+ —Ir(l + T) = 0 

(24) 


ie-„(< + T)-I„(f + T)=0 

(25) 


Eqn (25) is simply satisfied since it leads to either the +t) 
or the Iys(r+ t) zero but eqn (24) requires the initialj^alue of 
+ t) to be chosen from the assumed or calculated ly(r + r). 
It will also be appreciated that the value of 2 (t + x) must be 
assumed for the solution but for real time control a search 
procedure is necessary to ensure that the calculated element 
values of 2(f) are, in fact, the actual plant state vector elements 
that would be observed. For linear systems this latter feature 
does not arise since eqns (17), (18) and (19) are independent of 2 
and for such systems the cap notation can be dropped. 


e(0 


=r'[ 


(I>i(.Q'-2i?+<I>2(Q-Zi?+4>3(Q'-Z3 

+ ^4(6-Z4)^+^imJ+^3m3 




(28) 

where Q is the desired response of and Z4 and the time 
derivative Q' is the desired response of Zj and Zs. The interval 



Example 


A fourth order constant coefScient plant, defined by the 
equation 



- 2-0 


1-0 

0 

0 


- 1-0 0 0 

0 0 0 

1-0 -1-3 -1-5 
0 1-0 0 



(26) 


and consisting of two quadratic systems linked in tandem, 
Figure 2, was considered as an illustration of the technique. The 


izA) 

Z 2 



1 

Zi 


^♦ 205+1 

n 





1 


S2+l'3S+1-5 


(Zz-Z,) 


-^Zl 


Figure 2. The fourth-order plant 


object of the exercise was to compare the performance of the 
absolute optimum system, in which all feedback paths were 
available, with a constrained optimum system which had no 
feedback information from the state vector components Z3 and 
Z4. Obviously, the assumption that the plant parameters cannot 
be changed was necessary, otherwise the problem is just an 
exercise in Merriam’s optimization technique. 

For comparison purposes the response of the plant to stand¬ 
ard test signals were calculated with input m designed to give 
zero position, velocity and acceleration lags, i.e. 


01 


I 


I 


uniiiiiiiiini 

m 



in 

m 

HH 

a 

ni 




1 


m 

■ 


0 W 20 30 40 

Time (seconds) 


Figure 5, Unit acceleration response of plant 
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/ to / + T could have been infinite but a finite interval (1-28 sec) 
was chosen to assess the efficiency of the optimization techniques. 
To solve eqns (17), (18) and (19) the desired responses Q(u) and 
Q'C“) must be predicted over the interval / < yw ^ + t and 
tiiis was accomplished by a Taylor series expansion about t lead¬ 
ing to a constant coefficient realization of the absolute optimum 
system. . 

Thus 

e(/i)=e(0+(A‘-06(0+^^fi(0+...etc. (29) 


The Absolute Optimum System 


To derive the absolute optimum system, Merriam’s technique 
was used with weightings 4>i = 0 - 1 , = 1 - 0 , ^3 = 0-07, 

^4 = 0*70, 1^1 = 0’05 and = 0-035 which were selected on 
the basis of a number of preliminary trials. The equations de¬ 
scribing the performance of this system were obtained from 
eqns (1), (20) and (29), namely 



where 


-3-54 - 4-49 - 0-07 - 0-05 

1-0 0 0 0 

-0-09 0-41 -3-11 -4-65 

0 0 1-0 0 


[4-26 fin-3-32 (3 4 -1-406] 

^3 [4-14e-|-3.046+l-5fi] 

-■^4 _ 0 

Higher-order operations on Q could have been included if 
required. 

lie responses of this system to unit step, ramp and accelerat¬ 
ing signals are shown in Figures 6, 7 and 8, respectively. A very 
fast response was obtained with little overshoot due to the 
ability of the method to, in effect, change the system via the 
feedback parameters, K„. Steady-state errors were produced 
because the prediction interval t was only 1-28 sec but by 
allowing t to become large these errors disappeared in agree- 
ment with Merriaim^. 




Time (second^ 


Figure 7. Unit ramp response of absolute optimum system 



Time (seconds) 


Figure 8, Unit acceleration response of absolute optimum system 

meters to give the correct steady-state behaviour of the system 
to the standard input signals. The feedback paths from Z 3 and 
Z 4 were not available so 

ii:,3=iiC,4=0 (32) 

for all r = 1,..., 4 and the were put identically zero except 
for the terms and for all r. The resultant system equation, 
using the weightings mentioned under The Absolute Optimum 
System, became 


The Constrained Optimum System 

The techniques described under the heading of Constrained ^2 
Optimization were used to derive the constrained optimum sys- ^3 
tern in a constant coefficient realization by so choosing the para- Z 4 


-3-54 -449 0 0 1 f 

1-0 0 0 0 Z2 Y2 

-0-09 0-26 -1.3 -1-5 Z 3 Fj 

0 0 1-0 0 _Z4J 74 


(33) 



Figure 6. Unit step response of absolute optimum system 


where 

Y[~ r[4.24e+3.29j6-|-l*26e] 

Yi ^ 0 

73 [I*25e+1.31i5-h0-98e] 

5^4 J L 0 

The response of the constrained optimum system to unit step, 
ramp and accelerating signals are shown in Figures 9 , 10, and 11, 
respectively, which indicate that the system was very fast with 
respect to the variables Zj and Zg. The responses of the variables 
Z 3 and Z 4 , however, were slower and possessed more overshoot 
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0 10 20 30 40 

Time (seconds) 

Figure 10, Unit ramp response of constrained optimum system 



Figure 11. Unit acceleration response of constrained optimum system 


present example. Tables 7 ,2 and 3 give the steady-state response 
of the actual plant, absolute optimum and constrained optimum, 
respectively, for step disturbances of the elements of the vector u. 

Table 1. Disturbance of Actual Plant 


Unit step in elements of disturbing vector 



^1 

"2 

W3 

W4 

2-1 

0 

1-0 

0 

0 

State Z 2 

1-0 

- 2-0 

0 

0 

Vector Zg 

0 

0 

0 

1-0 

Response Z 4 

0-67. 

1-33 

0-67 

-0*87 


Table 2, Disturbance of Absolute Optimum System 


Unit step in elements of disturbing vector 




«2 

«3 

1/4 


0 

1*0 

0 

0 

State Zg 

0*22 

-0-79 

- 0-002 

-0-008 

Vector Z 3 

0 

0 

0 

1-0 

Response Z 4 

-002 

0-09 

0-22 

-0-67 


Table 3, Disturbance of Constrained Optimum System 


Unit step in elements of disturbing vector 




«2 

«3 

«4 

Zt 

0 

1-0 

0 

0 

State Z 2 

0-22 

-0-79 

0 

0 

Vector Z 3 

0 

0 

0 

1-0 

Response Z 4 

-0-15 

0-53 

0-67 

-0-87 


It is seen that step disturbances affect the absolute system 
less severely than the constrained optimum system which, in 
turn, is less affected by the disturbances than the actual plant. 

It will be appreciated that the above example is simple and 
artifical and that the correct procedure in any real study is to 
use Merriam’s technique to derive as near as possible the actual 
plant parameters and then proceed with the method described 
above to determine the control action. 


than the absolute optimum responses, but were faster than the 
corresponding responses of the actual plsuit. Other ways of 
choosing the parameters, were possible; e.g, a constant co¬ 
efficient system could also have been realized by minimizing the 
mean square error with respect to the parameter, integrated 
over all time. Alternatively, a time-varying system could have 
been obtained if the parameters had been correctly chosen for 
each interval ^to/-f-TinO^/<oo. 

Load Disturbcmces 

In the general theory the effects of load disturbances can be 
reduced if the disturbance is measurablb or deterministic, but it 
is of interest to calculate the effects of disturbances on the 


Conclusions 

The paper has described a technique for producing the design 
of a near-optimum controller for a linear or non-linear dynamic 
plant, possessing possible amplitude limitation of the input con¬ 
trol signal, in those cases where it is impossible or inconvenient 
to obtain information of certain state vector elements, i.e. certain 
feedback paths are not available. More work is required to de¬ 
termine the significance of the A/s, but various degrees of 
engineering sophistication seem possible in realizing the con¬ 
strained optimum system by suitable choice of the N parameters, 
Ay(0. The method is particularly suited to the designer of con¬ 
trolled plants who wishes to assess the penalties that accrue 
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when feedback paths are omitted. It will be appreciated, how¬ 
ever, that the performance of the system will depend on the 
method of reahzation of the system. No difficulties are foreseen 
in extending the method to the case in which the desired response 
vector Q contains stochastic elements with known statistical 
distributions. 

The general question of stability in such system was not 
considered but it will be appreciated that some plant configura¬ 
tions with certain feedback links omitted will be unstable. For 
example, if a sub-unit of the plant was unstable then small noise 
disturbances, which are always present in any system, will excite 
the instability if the output state of the sub-unit is ignored by 
the computer. Obviously such a limited system cannot be con¬ 
trolled and it is therefore necessary to allow the feedback of in¬ 
formation or make the plant stable. It is felt, however, that in 
most practical instances the latter condition will be satisfied. 

The technique has been applied to a fourth-order constant- 
coefficient plant to obtain a constant-coefficient realization of 
the constrained optimum system having zero steady-state errors 
to the usual test signals. As expected, the performance of this 
system was midway between that of the absolute optimum sys¬ 
tem, which had access to all state variables, and that of the 
actual plant whose inputs had also been adjusted to give zero 
steady-state errors. 

The author is indebted to Mr. A. Stewart for his valuable 
criticisms made during discussions^ to Mr. W. Mathews who was 
responsible for all DEUCE programming and computation and 
finally to British Aircraft Corporation Limited (Guided Weapons 
Division) for permission to publish this work. 


Nomenclature 


Urn, brn. Cm 
e(t) 

Knip),Km(jJi) 

^0 (^)» kn krn 

L+(t\L-{t) 

M(t) 

m(/) 

[m(p)] 

N 

Qit) 

q(t) 

t 

u(t) 

Z(t) 

(mX Arn (p) 
r 

4>n> V'ft 


Elements of plant matrices 
Minimum error function 
Performance error criterion 
Parameters of control signal vector 
0*) Parameters of minimum error function 

Upper and lower bound vectors of the control 
signal vector 

Desired control signal vector 
Control signal vector 
Control switching signal vector 
Order of plant 

Desired response signal vector 
Response signal vector 
Re^ or present time variable 
Additive load disturbance vector 
State signal vector 
System realization parameters 
Dummy time variables 
Prediction interval 
Weighting functions 
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DISCUSSION 


A. R. M. Noton, Electrical Engineering Dept., University of Notting¬ 
ham, Nottingham, England 

It is well known that the synthesis of optimal systems (using either 
dynamic programming or Pontryagin’s Principle) requires information 
on all state variables. Since this is frequently a practical difficulty, 
Mr. Anderson’s paper is very interesting. It is especially so to me since 
I am trying to do the same sort of thing by means of a discrete, instead 
of a continuous, version of dynamic programming. 

studying the paper I had som6 difficulty in grasping the full 
significance of the operations on the X parameters [e.g. around eqn (21)]. 
Furthermore, an example has been chosen in which it is not intuitively 
obvious what to expect. 

Consequently, I am very interested to learn what other examples 
have been studied by the author. For example, Figure A shows a very 
relevant example for checking purposes: 



Figure A 


If the performance index is 

J (<^2^1 + dt 

Ordinary theory predicts the use of rj, z*, zg, (not z,, z,). When 

^ 2 » ^4 are not available in practice, Zg and Zg have to be used and 

this should emerge naturally from the theory. 

B. G. Anderson, in reply 

On the first point, the X parameters of eqn (21) have been separated 
from eqn (18) of the paper since they form the adjoint equations for 
the system when the allowable feedback parameters are included. 
This is an arbitrary separation, hence my previous remarks on the hope 
that a calculus of variations approach may clarify the significance of 
the A’s. 

My own belief is that eqn (21) allows one to determine the boundary 
value of the single outfix iC’s at the time (jt -f t) and hence find the 
value of these parameters at time t. The computational aspects seem 
immense so that one hopes to find a simple approximate solution to 
eqns (18) and (19). 

Finally, the reason for the choice of example was that this is the 
way in which the problem occurred and xmfortunately, for non¬ 
technical reasons, the work had to be discontinued before other 
examples could be examined. 
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AUTOMATIC CONTROL OF AEROSPACE SYSTEMS 


The Design Study of a Pressure Control System for a 
5 ft. by 5 ft. Blowdown Wind Tunnel 

J.A. TANNER and W.DIETIKER 


Summary 

The problem is to maintain the settling chamber pressure in a blow¬ 
down wind tunnel constant at a predetermined value during a run at 
constant Mach number. Air stored at high pressure expands and 
discharges through a control valve into a settling chamber and then 
through a supersonic (or transonic) working section to a diffuser and 
the atmosphere. As the reservoir pressure falls, the valve is opened to 
maintain the flow, and this is accompanied by a change in the valve 
transfer gain. In addition, the pressure ratio across the valve decreases 
continuously and when it falls below the critical value, flow through 
the valve changes from sonic to subsonic. This produces time-varying 
dynamic characteristics in the control valve settling chamber system. 

Because of the wide range of Mach numbers and settling chamber 
pressure settings required, a pressure control system incorporating 
automatic gain control has been developed. Experimental verification 
of the theoretically derived air flow dynamics has been performed on 
a 5 in. by 5 in. pUot model of the 5 ft. by 5 ft. facility. The pressure 
control system has been studied on an analogue computer. 

Sonunaire 

Le probRme consiste k maintenir k une valeur fixte k I’avance la 
pression de la chambre de ralentissement d’une soufflerie k reservoir au 
cours d’lm essai effectud avec un nombre de Mach constant. L’air 
emmagasin^ k haute pression se ddtend et passe par une soupape de 
rdglage avant d’arriver dans une chambre de ralentissement id’oCi il va 
dans une chambre d’exp6rience pour vitesses supersoniques (ou 
transsoniques) pour enfin passer dans un diffuseur et sortir dans 
Tatmosph^re. A mesure que la pression du reservoir baisse, la soupape 
de rdglage s’ouvre pour que T^coulement soit maintenu et cette 
ouverture s’accompagne d’une modification du rapport des valeurs 
de pression k I’entr^e et k la sortie de la soupape. De plus, le rapport des 
pressions k travers soupape dteroit continuellement et lorsqu’il descend 
au-dessous de la valeur critique, I’^coulement, de sonique qu’il 6tait, 
devient subsonique. Cela produit des caract6ristiques dynamiques 
variables avec le temps dans le systtoe soupape de r^glage/chambre 
de ralentissement. 

Un dispositif de r6glage de la pression, muni d’un r^gulateur 
automatique du rapport des valeurs de pression k l*entr6e et k la sortie, 
a 6t6 mis au point k cause du grand assortiment de nombres de Mach 
et de pressions n6cessaires dans la chambre de ralentissement. La 
v6rification expdrimentale de la dynamique du d6bit d’air calcul^e 
th^oriquement a 6t6 effectu6e au moyen d’une maquette de 5 x 5 


pouces de la soufflerie de 5 X^5 pieds. Le dispositif de rdglage de la 
pression a 6t6 6tudi6 au moyen d’un calculateur par analogique. 

Zusammenfassung 

Die Aufgabe besteht darin, wahrend eines Versuchs mit konstanter 
Machzahl den Vorkammerdruck in einem Windkanal mit Druck- 
speicher auf einem vorher bestimmten Wert konstant zu halten. 

Die unter hohem Druck gespeicherte Luft dehnt sich aus und 
strdmt durch ein SteuerVentil in eine Ausgleichskammer und von dort 
im Ultraschall- (oderTransschall-)Bereich zu einem Diffusor und in 
die Atmosphare. Bei fallendem Reservoirdruck wird das Ventil 
geoffnet, um die Strfimung aufrechtzuerhalten, was auf eine Anderung 
der Ventilempfindlichkeit fUhrt. AuBerdem nimmt das Druckver- 
haitnis am Ventil kontinuierlich ab; unterschreitet es den kritischen 
Wert, so andert sich die Strdmung durch das Ventil von einer Schall- 
strdmung in eine Unterschallstrbmung. Damit ergeben sich in dem 
System aus Steuerventil und Ausgleichskammer zeitver3nderliche 
dynamische Kennlinien. 

Wegen des erforderlichen groBen Bereichs der Machzahlen und 
der entsprechenden Einstellungen des Ausgleichskammerdrucks wurde 
ein Drucksteuersystem entwickelt, das eine automatische Regelung 
der Ventilempfindlichkeit zuldBt. Die experimentelle Nachprufung 
der theoretisch abgeleiteten Luflstrdmungsdynamik geschah an einem 
5 in. X 5 in.-Prufmodell einer 5 ft. X 5 ft.-Einrichtung. Das Druck¬ 
steuersystem wurde mit einem Analogrechner untersucht. 


Introductioh 

A blowdown wind tunneR consists basically of a reservoir in 
which air is stored at high pressure, a control valve which acts 
as a throttling device, a settling chamber to stabilize the flow, 
and a nozzle which discharges through the working section to 
a variable diffuser and then to the atmosphere. The aero¬ 
dynamic forces on a model in the working section are pro¬ 
portional to yPM^ where y is the ratio of the specific heats 
of air, and P and M are the working section static pressure and 
Mach number. To maintain these forces constant, P and M 
must be held constant. In the supersonic regime, M is deter- 
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mined by the geometry of the nozzle, and for a particular 
configuration remains sensibly constant. The pressure P is 
dependent on air flow and this is measured and controlled in 
terms of the settling chamber pressure at the contraction entry 
to the nozzle. In the transonic and high subsonic regimes, Mach 
number alters with changes in the geometry and aerodynamic 
drag of the model, and it is necessary to incorporate a separate 
Mach number control system in the working section. 

As the reservoir pressure falls, the valve is opened to main¬ 
tain the air flow, but this is accompanied by a change in valve 
sensitivity, i. e., transfer gain. The pressure ratio across the 
valve also decreases and when it falls below the critical value, 
flow through the valve changes from sonic to subsonic. This 
introduces time-varying dynamic characteristics in the control 
valve settling chamber system. However, the air flow process is 
determinate, and the parameter variations can be computed for 
the complete range of wind tunnel operation. 

An important operational requirement for the blowdown 
type of wind tunnel is that at the commencement of a run, air 
flow must be established as rapidly as possible and with negligible 
overshoot. This arises, first, because of the limited ruiming time 
available (10-100 sec) and, second, because rapid establishment 
of flow in the working section is required to alleviate the ex¬ 
cessive unsteady aerodynamic loadmg of the model that occurs 
during the starting period. 

In this paper, only the problem of controlling settling 
chamber pressure is considered. The requirement is for this 
pressure to be held constant within ± 0-5 per cent of the pre¬ 
selected value for all regimes of operation. The air flow dynamics 
of a 5 ft. by 5 ft. wind tunnel^» ® have been studied on a 5 in. 
by 5 in. pilot model and the pressure control system has been 
the subject of an analogue computer study. 

The Control Valve 

The general arrangement of the 5 in. by 5 in. pilot blowdown 
wind tunnel is shown in Figure 7. Both this wind t unn el and the 
full-scale facility are designed to operate over a Mach number 
range 0-2 to 4-5. A section of the scale model valve constructed 
for experimental investigation in the model wind tunnel is 
shown in Figure 2. The cylindrical port area (A) is adjusted by 



Air supply Basement level 

from compressor 
300 psig 

Figure 7. General arrangement of 5 in. X 5 in. pilot wind tunnel 


means of an internal sleeve driven by a hydraulic jack. Air 
issues from the ports radially inwards and passes through a 
screen into the settling chamber. 


Compressible Flow Through the Control Valve 


The control valve forms a variable area restriction, the flow 
through which, with reference to Figure i, is given by 


( 1 ) 


where = weight flow, P^ = storage stagnation pressure, 
Pi = static (back) pressure on control valve jet, = effective 
area of control valve jet, and 0, = storage stagnation tempera¬ 
ture. 

The explicit relationship between these parameters is as 
follows: 





( 2 ) 


Rectilinear 
potentiometer 


Synchro 




hk 

iij 

800 

diam 

1 

ID 


Air from high 
pressure reservoir 


Figure 2. Control valve for pilot model intermittent tunnel 
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these values in eqn (5) yields = WJX. This characteristic 
is shown plotted in Figure 4{b) in normalized form with per¬ 
centage valve travel Z as the abscissa. Various area versus 
stroke characteristics and the corresponding transfer gain 
curves are plotted in Figures 4(a) and (b). 

It can be deduced from eqn (5) that to maintain constant 
transfer gain under choked flow conditions, the valve area must 


Figure 3. Lumped parameter schematic of control valve and settling 
chamber 


in which R is the gas constant and g is the gravitational constant. 
When the pressure ratio PxIPg < 0*528 (for y = 1*4), the flow 
through the valve is sonic and is independent of P^. This is 
referred to as ‘choked’ flow and eqn (2) reduces to 


where 





(3) 


Inspection of eqns (2) and (3) reveals the complex function 
generation that would be required to control Wshy ‘open loop’ 
programming of the valve displacement. 


Transfer Gain Characteristics 

The incremental transfer gain characteristic of the control 
valve can be determined by expressing eqn (1) in ternis of 
partial differentials. If Ws is expressed as a function of valve 
sleeve displacement X instead of area then 

and 

Applying the theory of small perturbations® and using the lower 
case letter to represent the incremental variable 


Ws =KVs - M (4) 

where Ws — and — bWJiP^y ki, = b 
^ WsIbX and Ato = b WjbBs . 

The coefficients /c^, and kQ can be determined, from eqn (2) 
and k^ from the control valve area versus stroke relationship. 
•With temperature assumed constant, k^ is zero and the last 
term of eqn (4) disappears. 

Under steady-state flow conditions and with the control 
valve choked, coefficient k^^ the incremental transfer gain of the 
valve, can be determined from eqn (3) and is given by 



r(X) 

F(X) 


(5) 


where Ag = F(X) represents the effective area of the valve 
porting, i.e., the control valve jet. If F(X) is known, the in¬ 
cremental transfer gain can be computed over the choked 
working range. For example, if valve area is proportional to 
displacement, then F(X) = nX and F' (X) = Substituting 



Valve travel (in.) 

(from fully closed position) 

i . I . j I y 

0 0*2 0-4 0*6 0-8 1 0 



Percentage valve travel 
( 1002 ) 


Figure 4. Control valve characteristics^ (a) Port area versus valve 
travel pilot model wind tunnel; (b) Theoretically derived transfer gain 
characteristics 
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be related exponentially to stroke. This is very difficult to Dynamic Analysis of the Air Flow Process 
realize in practice with a sleeve-type valve, but a compromise 

can be reached by compounding the port area characteristic so From the block schematic of the control valve, settling 
that, excluding the initial opening, it is exponential over the <*^ber and nozzle given in F^ure 3 and assuming Tumped’ 
first half of the stroke and approximately linear over the remain- ®“®rgy storage, the flow equations can be written: 
der. The designed port area characteristic of the control valve 
for the 5 ft. square wind tunnel is shown in Figure 5, together 
with the derived transfer gain characteristic. (if) 

Experimental Verification of Incremental Gain Characteristics ^i~^i(Fi—-Pa) 


2gy 


miy-i) 


fcV-&' 

IW \Ps. 


r+i 


|V2 1 


Experimental verification of the derived valve transfer gain 
characteristics was performed on the pilot model wind tunnel. 


Valve Port 



Figure S. Control value port area characteristic and transfer gain 
for the 5 ft. square wind tunnel 


W2=KP2A2 


( 6 ) 


where the pneumatic capacitances Cy and Q are defined as 
follows: 


Ci = 


Ji_ 

jRdy 


and €2 = 


IL 

yRBy 


Applying the theory of small perturbations and expressing the 
new variables in lower case letters and in Laplace operational 
form, eqns (6) can be rewritten 


w, (s) = (s) -1- (s) - kiPi (s) 

W2(s)=k2P2(s) 

Wl(5) = kil>i(s)-P 2 (s)] 

1 * 

Pi (s) [^5 (s) - Wy (s)] 

P2(s) =^[Wi(s)-W2(s)] 

in which 


With the settling chamber pressure control loop closed, a 
disturbance was applied to the control valve in the form of a 
sinusoidal signal of constant frequency and amplitude; the 
amplitude being small enough to ensure operation in the linear 
regime. The sinusoidal components of valve displacement and 
settling chamber pressure were then recorded during the course 
of a run. 

Since the average value of the pressure is constant, the 
amplitude ratio of the two fundamental sinusoidal components 
yields the process transfer gain idP^/dX) which is related to the 
valve transfer gain by a constant. A typical experimental 
characteristic is shown plotted in Figure 6, in which the ex¬ 
perimental and theoretical gain curves for a compound port 
area characteristic are shown superimposed. 


and 


fci 


dPy 0 P 2 " ' 


ky^K 


The simultaneous solution of eqns (7) yields settling chamber 
pressure py (j) as a function of storage pressure p, (s) and valve 
displacement x as follows: 


Eqn(8) 


For conditions of choked flow, — 0 and eqn (8) reduces to 
hKPs(s)+kyk^(s) 


P2(.s)= 


S^CyCy +5 [Cl (ky -I- ky) + Cykyl H- kyky 


(9) 


* Eqn (8): 


_ k.yk,p,(;s)+kyk^x{s) _ 

S CyC2 + s[Cy(ky+k2) + C2(kt + ky)'] + kyk2 + kik2 + kyki 


( 8 ) 
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Figure 6, Experimentally determined valve transfer gain characteristic 
pilot model wind tunnel 


Table 1 


Mach 

No. 

Tichoked) 

1 

1 

Ratio T{choked)IT(unchoked) 

0-2 

1*5 sec 

0*55 sec 

2*7 

1-4 

0*53 

0-44 

1-2 

2-5 

1-2 

0-37 

3-2 

3-5 

2*6 

0-36 

7-2 

4-5 

74 

0-58 

12*8 


and settling chamber combination. Under closed-loop pressure 
control and, therefore, constant flow conditions, a small 
amplitude sinusoidal motion at constant frequency was super¬ 
imposed on the control valve. Recordings were taken of settling 
chamber pressure, valve position and storage pressure during 
the course of a run. From the experimental data, the equivalent 
variation of system time constant T was calculated. A typical 
characteristic at Mach No. 4 is shown in Figure 7 with time as 
the abscissa. At elapsed time t — 1-0 sec, the valve is at the 
threshold of unchoked operation. 

It will be noted that over the period of unchoked operation, 
the time constant decreases to abouf one-tenth of its choked 
value. 

Closed Loop Operation 


Since this is a dissipative process with only one type of energy 
storage, the denominator expressions in eqns (8) and (9) have 
real roots. 

For a wide range of air flows, the pressure loss across the 
baffle is small, i.e., is large, and eqn (8) can be reduced to 
one of first order, as follows: 


The quantity 


Pzi.s) = 


1 \l<^,Ps(.s)+k^is) 



/Ci+CA 
\ kz+hj 


( 10 ) 


is referred to as the unchoked system time constant T. For 
choked flow — O and eqn (10) yields 



KPs(s)+k^(s) 


( 11 ) 


in which the quantity [(Q -f- C^/k^] is the choked system time 
constant. 

Inspection of eqns (10) and (11) reveals the decrease in 
incremental gain and system time constant that occurs when the 
flow through the valve changes from sonic to subsonic. The 
calculated system time constants for the 5 ft. square wind tunnel 
at the upper and lower limits of pressure for various Mach 
numbers are given in Table L " 


Experimental Investigation of Air Flow Dynamics—Valve 
Unchoked 

Frequency response tests were performed on the model 
tunnel to investigate the variable dynamics of the control valve 


Based on the linearized equation of operation (eqn 4), the 
control loop has the configuration shown in Figured. The 
change in storage pressure takes the form of a disturbance 
applied to the loop. Since under constant flow conditions, the 
storage reservoir discharges isothermally^ at a uniform rate, 
this disturbance is in the form of a ramp input, i.e.. 


dt 




Elapsed time (sec) 


Figure 7. Time constant variation during unchoked 
period of valve operation 
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Determination of Controller Gain 


From Figure 8, settling chamber pressure error 8 (s) caused 
by the input disturbancep, (j) is given by: 


r -Ic,G2(s)p,(s) 

1+/c,Gi(s)G2(s) 

md if the loop gain kmOi (s) G^ (s) is large compared with unity, 
this reduces to 


8(s)= 


-KPs(s) 
kjji (s) 


If the disturbance P, (f) is in the form of a ramp function with a 
slope of thenpj (f) = —kj^ and Gi (s) must contain two 
or more sta^ of integration for zero error. For the error to 
be held within a certain tolerance, a single stage of integrat io n 
and a proportional-integral stage can be used. The final value 
of the pressure error would then reduce to: 


K G 



M M— -M 3S 

M 2-5-- M 4-5 


where is the rate of change of storage pressure and G-* is the 
gain constant associated with Gj (s). 

The ratio kjk^ caii be determined from eqns (2) and fS) 
as follows: 


Kjw^ 

K 


-l.iW.r (P IP. 

P, F'iX) 

where (Pi/P,) is obtained from the partial differential of 
eqn (2) with respect to P,: 




2 l 7 + 1 " 

2 . 11 + 1 

(PilPsP-(.PtIPsTT j 


Figure 9. Controller gain characteristics required to maintain constant 
error (supersonic regime) 


In the case of the pilot model wind tunnel, the variations in 
Systran dynamics were easily accommodated in the H^gign of 
the pressure control system because the time constants, acoustic 
delays, etc., were suflSciently small that the gam and bandwidth 
requirements could be met by setting the controller gain at the 
highest level required at a particular flow and Mach number. 
The loop gain would decrease during a run, but would always 
be greater than the required minimum value. However, in the 
full-s(^e wind tunnel, the time constants are an order of 
magnitude greater, and to achieve the required performance 
some form of gain control is mandatory. The control configura¬ 
tion that suggests itself is one in which pressure error auto¬ 
matically adjusts the loop gain. 


Pressure error is therefore given by 


Analogue Computer Study of Incremental Dynamics 


a=i.£« .r lPi\ 
G,P, F'(X) ^^[tJ 

For choked flow Pi (Pi/P^ 


( 12 ) 

1 and the pressure error reduces to 


K _ F(X) 

GiP, F'(X) 

From eqn (12), the gain requirements for the controller Gj can 
be computed for a constant predetermined percentage error 
(IM e/Pj) over the range of tunnel operating conditions. The 
gain requirements for the upper and lower limits of settling 
chamber pressure at selected Mach number settings in the 
su^rsonic range are shown in normalized form in Figure 9 
(with ^ the gain at • P, = 300 Ib./in.* abs. as the normalizing 
quanti^). The crosses mark the points of transition from choked 
to unchoked flow through the control valve. It is immediately 
apparent from these characteristics that to maintain the error 
constant by progranuning gain Gi as a function of storage 
pressure P^ would be an extremely complex task. 


To imderstand more fully the effects of changes of gain on 
dynamic performance, the incremental model of Figure 8, 
modified to include a variable gain element (multiplier), was 
studied on an analogue computer. Figure 10 shows the blodc 
diagram of the simulation and the location of the gain varying 
elements. 

The loop gain coefficient G = k^G-fi^ was na^de a function 
of time, as follows: 

G=Go(l-at) ( 13 ) 

where Go is the loop gain at time r = 0, and <i is a constant 
determining the rate of gain variation. 

The disturbance signal representing the effect of d<»cr ftflging 
reservoir pressure, as shown in Figure 10, is given by 

Ps(t)=Kat 

(A positive sign is attached to kg because for simulation studies 
it is immaterial whether the slope is positive or negative.) The 
input Pr (/) to the system was zero, representing the steady-state 
condition. 


492 







THE DESIGN STUDY OF A PRESSURE CONTROL SYSTEM FOR A 5 FT. BY 5 FT. BLOWDOWN WIND TUNNEL 



Figure 10, Block diagram of modified incremental model showing configuration of gain control loop 


The solutions obtained from the analogue computer are 
shown plotted in Figure IL The curve marked ‘constant gain’ 
shows the expected constant error that occurs in a Type 1 
control system when it is subjected to a ramp disturbance. 
When the gain is decreased linearly according to eqn (13), the 
error increases rapidly, as shown in the curve marked ‘no 
compensation’. The error exceeds the specified limit (dotted 
line) when the gain has dropped to approximately 85 per cent of 
its initial value. 

Dynamic gain compensation can be achieved by program¬ 
ming the controller gain to vary inversely with the gain of the 
variable elements in the loop; that is, controller gain would be 
characterized by: 


where (7io is the controller gain at / = 0. This was investigated 
on the computer and the resulting error versus time characteristic 


was found to be identical to that obtained with constant loop 
gain. (It should be noted that for convenience in handling the 
problem on the analogue computer, the loop gain constant was 
assigned to the controller gain setting alone, i.e. = Gq.) 

However, the variation of control valve transfer gain during 
a blowdown is not a simple function of time, but a non-linear 
function of Mach number, settling chamber pressure and 
reservoir pressure. ‘Open loop’ programming of controller gain, 
as previously mentioned, would necessitate a very elaborate 
function generation scheme, with facilities for changing the 
functional relationship with Mach number and settling chamber 
pressure. 

A simple gain control system was investigated in which the 
controller gain was adjusted in discrete steps, using pressure 
error amplitude s as a criterion. The configuration of this gain 
control is indicated in Figure 10. System error is fed into the 
‘amplitude comparator’, the output of which controls the gain 



Figure 11. Error for a ramp disturbance and time varying gain applied to incremental model 
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setting of the controller. In more detail, the sequence is (a) pres¬ 
sure error e (t) is compared with a reference amplitude of error, 
specified as the maximum permissible; {b) when the error is 
equal to the reference amplitude, a relay closes, adding a preset 
increment to the loop gain; (c) each time the error reaches the 
reference amplitude, controller gain is increased by a preset 
increment. 

Two questions that must be answered before such a control 
sequence can be used are: (/) by what amount should the gain 
be increased at each step, and (z7) how many steps are required 
to cover the anticipated decrease in loop gain. 

The computer results which answer these questions are 
shown in Figure 11, When the error first reaches the reference 
amplitude (which is preset below the error limit), an increment 
of gain AG-i-i is added to the system. The change in the error is 
shown for a range of values of AG-^ which are expressed in 
terms of Gq, the loop gain at ? = 0. It will be observed that 
restoring the loop gain to its original value has little effect on 
the error, and that a large increment of gain is required to 
produce any significant change. This is even more noticeable 
with the subsequent increments in gain, denoted by AG-^^, 
and JG 14 . Immediately after AG^^ has been added, the 
loop gain is 5*22 Gq, i.e., the gain is more than five times the 
initial value at / = 0. The error increases very rapidly after 
JGi 4 has been added, and nothing further can be done to hold 
the error below the required limit. 

An attempt to measure the system response to a step change 
in reference input was made by recording the response after 
each step change in controller gain. The results are shown in 
Figure 12^ superimposed on the error curve resulting from the 
ramp disturbance and gain variation. Vertically above each of 
these step responses is a step response with a fixed value of loop 
gain equal to that at the start of each of the step responses for 
the dynamic case. (The time base is the same in all cases.) 


A comparison of these step responses shows that the stability 
margin decreases as each gain increment is added. The term 
‘stability margin’ is used rather loosely here, for it is difficult to 
attach physical significance to such a margin in a system subject 
to wide dynamic variations in its parameters. 

There is little doubt that the dynamics of the gain variation 
have appreciable effect on the system response. To demonstrate 
this effect, the resulting error for the same ramp disturbance, but 
with constant gain equal to that at the point marked A, 
(G = 1*96 Gq), is also shown in Figure 12, The error is much less 
than that in the gain-varying case. 

The effect of reducing the rate of change of the gain and of 
the disturbance signal results in a more satisfactory system. 
Figure 13 shows the error curves for the same value of a, as in 
Figures 11 and 72, and also the error curve for a/l. The values 
of the gain increments in both cases are ZlG^ == Gq, AG^^^ = 2 Go,» 
AGi 2 = 5Go, and ^Gx 4 = 10 Gq. The control valve gain drops 
to a lower value with (t) = k^all, before the specified error 
is reached. The effect of each step change of gain is greater 
because the rate of change of gain has been reduced by a factor 
of two. Therefore, if satisfactory performance is obtained for 
the greatest rate of change of gain and disturbance encountered, 
the performance will be satisfactory at all lower rates of change. 

Analogue Computer Study of Gross Dynamics 

The eqns ( 6 ) describing the gross dynamics of the system 
were set up on the computer and the gain control loop was 
implemented in the same manner as in Figure 10, Servo multi¬ 
pliers and diode function generators were used to simulate the 
various non-linear relationships in the equations. 

The value of each gain increment was selected as follows. 
The conditions for the highest anticipated settling chamber 
pressure for a selected range of Mach numbers were set into the 



Figure 12, Step responses to illustrate system dynamics with time varying gain and equivalent values of fixed gain 
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computer, one at a time. At each Mach number, the error was 
measured and the computer put into the hold mode when the 
error reached the specified limit. From the characteristic curves 
of Figure 9, the gain was determined after noting the value of the 
air storage pressure on the computer. The amount of controller 
gain required to restore the loop gain to its original value was 
then computed. Typical values of the ratio AGiJGq over the 
working Mach number range are given in Table 2. 


Table! 


Mach No. 

<?o 

G'o 

0*2 

1*067 

1*722 

0-4 

0*461 

1*077 

0-6 

0*796 


0*8 

0*469 

_ 

1*0 

0.542 

_ 

1*4 

0*604 

_ 

2*5 

0*894 

2*424 

3*5 

0*679 

1*800 

4*5 

1*728 

.1*941 


To simplify the design of the controller, it was considered 
expedient to use the same value of gain increment for all regimes 
of operation. This involved a compromise in determinmg each 
value. 

If AG-^ were made greater than necessary to restore the 
overall loop gain to its original value, then the discrete change in 
gain would result in oscillatory behaviour. Therefore, the value 
chosen for AG^^xIG^ was 0*60; a vdue which did not result in 
unsatisfactory operation at Mach numbers between 0*4 and 
3*5, and still provided some improvement at Mach numbers 
above and below this range. A value of 2*0 was chosen for 
^^^ 12/^0 ill 2 . similar manner. 

There are no entries for AGi^ in the table for Mach numbers 
between 0*6 and 1-4. This is because in this Mach number range. 
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Figure 14. Pressure error variation with time showing 
effect of automatic gain control 

after AG^i has been added, the control valve is driven fully open 
before the reference amplitude is reached and no amount of 
added controller gain can reduce the system error. For all other 
Mach numbers, the control valve is fully open when the error 
again reaches the reference amplitude after AGi^ has been 
added. Therefore, only two discrete gain increments of fixed value 
relative to Gq are needed to attain the specified performance over 
the complete operating range. This means that the only system 
parameter that must be preset for each tunnel setting is the 
initial value of controller gain. In the case of the 5 ft. square 
wind tunnel, it has been arranged that controller gain is auto¬ 
matically set as the various Mach numbers and reference 
pressures are selected. 

A typical error curve for the simulated pressure control 
system illustrating the effect of using two discrete changes in gain 
is shown in Figure 14. 

Conclusion 

This design study of a system incorporating automatic gain 
control has demonstrated two important points. In the ‘single 
shot’ type of system in which the parameter variations are well 
defined, a wide range of gain variation can be accommodated 
by switching gain in discrete amounts using simple relay 
circuitry. This does not provide perfect compensation, but 
enables the control system performance to be held within 
specified limits*. 

To achieve perfect compensation in which the system 
behaves as if it were time invariant, it is necessary to operate not 
only on the amplitude of the control loop gain but also on its 
time derivatives. It is also apparent that the time derivatives of 
parameter variations are important factors in the evaluation of 
stability and dynamic performance. 
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Figure 13. Error with automatic gain control for two values of 
disturbance and valve gain variation 


* Since this paper was written, the 5 ft. wind tunnel has been put in 
operation and has proved to have the predicted perforniance. 
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Missile Environment Simulation for Rocket Engine Test Facility 

G. J. FIEDLER and J. J. LANDY 


Summary 

This paper describes the mathematical analysis ahd computer solution 
used in the design of a new facility for testing large rocket engines 
under simulated altitude conditions. The effect of physical location 
disparities between test facility components and the actual missile 
environment are eliminated by the system design. The computer solu¬ 
tions of the array of mathema.tical systems equations determine the 
dynamics of the facility, of the facility controls, and of the test engine 
required to meet very critical propellent pressure and flow conditions. 
During the rocket boost phase, precise pressure control of set-point 
minus one pound is required at inlets to the rocket engine turbo-pumps 
during flow rate increases from 0 to 4,400 gal/min of fuel and from 
0 to 7,100 gal/min of oxidizer, within 200 msec of transient. This 
performance is required to prevent pump cavitation and establish 
conditions necessary for combustion stability. This paper utilizes a 
very rapid, economical method of developing the describing function 
for system-wide non-linearities. The required system and control 
dynamics are obtained directly from the computer in unique and 
quantitative terms; including piping design sizes, lengths, configura¬ 
tion, valve speeds, fluid acceleration times, minimum bandwidth, etc. 
Propellent flows and flow ratios are also controlled indirectly by the 
computer-designed controllers. The computer prescribes certain facili¬ 
ty operational procedures required prior to, during, and following the 
test, and also defines the full test potential of the facility for the larger 
engine developments of the future. 

Sommalre 

La pr6sente communication d6crit Tanalyse math^matique et la solu- 
iton au calculateur automatique qui seront employees pour la cons¬ 
truction d’une nouvelle installation d’essai de gros moteurs de fusses 
sous des conditions artificielles d’altitude. Les in6galit6s physiques 
locales entre I’installation d’essai et la v6ritable ambiance de la fus6e 
aux altitudes 61ev6es seront compens^es par la construction du systdme. 
Les solutions du calculateur automatique pour les Equations du 
systdme dvaluent la dynamique et le r6^age de I’instaJlation et du 
moteur de fus6e essay6, qui seront valables au voisinage des condi¬ 
tions extremes et critiques de pressions et de debits. Pendant I’ascension 
de la fus6e, il sera n6cessaire de maintenir, au point de mesure de la 
turbo-pompe du moteur de fus6e, une pr&sion inf6rieure de 1 p. s. i. d 
la valeur prescrite, alors que le d6bit augndentera, de 0 ^ 4.400 gal/min 
pour le carburant et de 0 ^ 7.100 gal/min pour I’oxyg^ne, ceci en 
I’dspace de 200 millesecondes. Cette operation est n6cessaire pour 
empScher la cavitation dans la pompe et pour assurer la stabilit6 
de la combustion. Une m6thode extrSmement rapide et 6conomique 
sera employee pour d6velopper les fonctions descriptives pour les 
non-lin6arit6s k I’int^rieur du systtoe. La dynamique du syst^me et le 
r6glage sont directenient obtenus du calculateur sous toutes formes 
et en toutes quantit6s, y compris les diamdtres et les longueurs des 
tuyauteries, les formes d’6coulement, les vitesses de fonctionnement 
des soupapes, les dur^ d’acc616ration des debits, les bandes passantes 
minimales etc. Les debits de carburant et les rapports de debits seront 
6galement indirectement r6gl6s par le r^gulateur et seront k nouveau 
trait^s par des calculateurs. Le calculateur lvalue le d^roulement de 
processus qui est n^cessaire avant, pendant et aprds I’essai et met de 
plus les possibilit^s d’essais de I’installation a la port^ des plus 
grandes recherches sur les moteurs de fusses de I’avenir. 

Zusammenfas^g 

Dieser Aufsatz beschreibt die mathematische Analyse imd die Ldsung 
dutch Rechenmaschinen, die fiir die Konstruktion einer neuen An- 


lage zur Prilfung von grofien Raketenmotoren unter kunstlichen 
Hdhehbedingungen verwendet wird. Die Auswirkung der physika- 
lischen (drtlichen) Unterschiede zwischen der Prufanlage und der tat- 
sachlichen Umgebung der Rakete in grdfieren Hohen wird durch die 
Konstruktion des Systems ausgeglichen. Die Ldsungen des aufge- 
stellten mathematischen Gleichungssystems durch (automatische) 
Rechenanlagen bestimmen die Dynamik und die Regelung der An- 
lage und des zu priifenden Raketenmotors, die den sehr kritischen 
(TreibstofF-) Druck- und Durchflufibedingungen gerecht werden sollen. 
Wahrend der Antriebsphase der Rakete wird eine genaue Druck- 
regelung des vorbestimmten Sollwertes auf — 1 lb (Schub) an den 
Einflufistellen der turbinengetriebenen Pumpen des Raketenmotors 
verlangt, wahrend der DurchfluB des Brennstoffes von 0 bis 4400 Gal- 
lonen pro Minute und der des Sauerstoffes von 0 bis 7100 Gallonen 
pro Minute steigt, und zwar innerhalb von 0,2 Sekunden. Dieser Vor- 
gang ist notwendig, um Kavitation in der Pumpe zu verhindern und 
um die Stabilitat des Verbrennungsprozesses zu sichern. In diesem 
Aufsatz wird von einer sehr schnellen und wirtschaftlichen Methode 
zur Aufstellung der Beschreibungsfunktion fiir die Nichtlinearitaten 
des Systems Gebrauch gemacht. Fiir das erforderliche dynamische 
Verhalten des Systems und der Regelung erhdlt man direkt von der 
Rechenmaschine eindeutigc und quantitative Ausdriicke; auBerdem 
ergeben sich die Rohrleitungsabmessungen, die Stromungsanordnung, 
die Ventilgeschwindigkeiten, die Beschleunigungszeit der Fliissigkcit, 
die minimale Bandbreite usw. Die Treibstoffdurchfliisse und die 
DurchfluBverhSltnisse werden indirekt durch Regler, die ebenfalls 
von der Rechenmaschine entworfen wurden, geregelt. Die Rechen¬ 
maschine bestimmt einen gunstigen ProzeBablauf, der vor, wdhrend 
und nach dem Priifvorgang nOtig ist, und legt auBerdem die Priif- 
mOglichkeiten der Anlage fur zukflnftige grOBere Raketenmotoren- 
entwicklungen fest. 


Introduction 

The physical plant shown in Figure i is a facility for the static 
test firing, under simulated altitude conditions, of rocket engines 
having thrusts ranging to 500,000 lb. with design provisions for 
1'5 million pounds thrust. The test engine is constrained in the 
vertical firing position inside an evacuated steel capsule, and is 
supplied with fuel and liquid oxygen from large detached storage 
tanks. 

The difficulties of flow and pressure control are caused by 
detachment of the engine from close physical proximity with 
fuel and oxygen tanks and other parts of the missile stages. In 
order to obtain accurate test results it is necessary to dynamically 
simulate the presence of the distant parts. This work describes 
die simulation of the actual close-up missile propellant tanks by 
test facility propellant tanks which are detached ten times the 
actual vehicle distance. In order to eliminate these time-lag space 
effects it is necessary to reduce fluid acceleration times by the 
provision of by-pass piping configuration in which propellant 
flow is established prior to engine firing. In addition to this, it is 
necessary to determine maximum allowable distances to the 
tanks, select the pipe length/area ratio to control hydraulic 
inertia, and specify the valve flow area characteristic so that the 
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overall pipe valve system will have essentially the same flow 
characteristic as the missile piping system. A last requisite in 
this simulation is the provision of a dynamically accurate and 
fast servo control system for the control valve between the 
propellant tanks and engine turbo-pumps. Thus, it is seen that 
all these factors must be treated in an integrated sense to attain 
the objective of eliminating the distance disparity. Paper length 
limitations preclude treatment of all these facets; consequently 
this work describes principally the control system for valve and 
control systems dynamics. 

The rates of flow of the fuel and liquid oxygen are controlled 
at precise pressures at the test engine turbo-pumps by auto¬ 
matically operated hydraulic valves rated full stroke in 100 msec. 
A prerequisite for obtaining the precise pressure control 
needed for preventing pump cavitation and promoting combus¬ 
tion stability requires a complete, realistic, and integrated 
mathematical systems analysis. Engineering economy requires 
that an electronic analogue computer be utilized to solve the 
system equations and provide the scientific basis for the design 
of the facility, the facility control system, and engine test 
procedures. 

Systems Analysis 

General—Figure 1, the functional layout, shows the com¬ 
ponent parts of the complete test facility physical system. The 
propellants are forced from the storage tanks by 3,500 and 5,000 
Ib./in.^ gas pressures controlled through the pressure-regulating 
valves. Precision control valves located in the by-pass connec¬ 
tion regulate pressure at the test engine. The flows through the 
auxiliary storage tanks are interrupted during the test by closure 
of the outlet valves. 

The mathematical systems analysis is initiated by consider¬ 
ation of the prominence of distributed-parameter effects, and the 
development of criteria for a valid lumped-parameter represen¬ 
tation. This type of representation permits a great simplification 
in the magnitude of the analysis work. The validity, within 
acceptable accuracy limits, of the lumped-parameter represen¬ 
tation shown in Figure 1 is established by the simultaneous 
consideration of several interacting factors. These factors include 
the determination of system frequency-transmission charac¬ 
teristics necessary to obtain the required transient performance. 


These requirements in turn establish limits on pipe sizes and pipe 
lengths, and also determine valve locations and the required 
piping configurations. 

The development of the system equations describing the 
dynamic behaviour of the individual system components is 
described in Appendix A. The system components are joined 
together by the transfer functions of the piping system, also 
developed in Appendix A. Completion of these operations 
results in the System Equations Array shown below. 

System Equations Array 

The physical system shown in Figure 1 is the basis for the 
system array utilizing the equations and transfer functions 
developed in Appendix A. The system equations for the physical 
plant are written in both linear and non-linear form, as required. 

Gas Side Equations —^These equations are: 



V, = Vu+j\dt (7) 
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Liquid Side Equations —^Thcse equations arc: 


11 

(8) 

R2 = Pl + Kp-^j W2dt 

(9) 

^2 ~ -PzO = +1<20 

(10) 

{k.,aJ 

(11) 

P2i-P3=r2wl+L2^ 

(12) 


Computer ^uations: Liquid Side—Eqns (9), (10), (11), and 
(12) are combined to give the following expression: 

(Lj+L2 o)^=Pi -P3+ 

-['•2+r2o+(^^) (17) 

Similarly, combining eqns (13) and (14) with differentiated 
eqns (15) and (16) results in the following: 

+r,],>+L,^ (18) 



P4-P5 = r3wf + L3^ (14) 


Ws=‘K3P3 (15) 

W3 = W2-Wj (16) 

Examination of the above equations reveals that some are 
linear, some are non-linear and both ^qjes involve time deriva¬ 
tives or integrals. The excursions of all variables in this system 
are extreme, &om xero flow to full flow capacity in less than 
200 msec. Therefore, the use of the usual linearizing techniques 
is not vaUd except for developing the non-linear describing 
fimction discussed in the next section of the paper. Consequently, 
it is necessary to analyse the system during these large excursions 
on an integrated non-linear basis. The first step in doing this is 
to rewrite some of the system equations to facilitate simulatio n 
on the analogue computer. The rearranged equations are given 
below. These, together with eqns (3), (4), (7) and (8), are used to 
establish the computer circuitry for the pressurizing gas system. 
Eqns (17) ^d (18) are used to simulate the liquid system. The 
computer circuitry is omitted because of paper length limitations. 

Computer Solution 

Computer Equations: Gas Side—Eqas (1) and (2) are combined 
to give the following: 

Also, solving eqns (1) and (2) for Pq gives: 



Combining eqns (5) and (6) and solving for P^ results in the 
following expression: , 



The analytical work is continued by development of the 
describing function for the non-linearities of the system. This 
development is valid for all types of non-linearities and is 
briefly discussed below. 


System-Wide Describing Function Development 

The describing function for the composite system-wide, 
non-linear characteristic is developed by the use of a new limit- 
cycle derivation technique^. This makes imnecessary the long 
tedious development of describing functions for individual 
components by formal Fourier methods. 

This method is based on the fact that limit-cycle oscillatory 
phenomena peculiar to non-linear systems are classically de¬ 
scribed by the van der Pol equation*: 

/I dq 


The analogue computer simulation is deliberately placed in 
limit-cycle oscillation by adjustments of the gains and time 
constants of the known linear controller transfer function. The 
limit-cycle phenomena described by eqn (19) are encountered in 
non-linear feedback control systems when the denominator of 
the well-known relationships: 

—f g(M^(«i.coi) 

1 + G (joo) N (ui, CO]) 

is zero; that is when 

1 -I- G(j(o') N(ai, o)i)=0 


( 20 ) 

( 21 ) 


It is obvious when the system simulation is in limit-cycle oscil¬ 
lation, because of the constant amplitude oscillation on the 
computer outi>ut. It is not necessary to excite the system with 
an input since the system breaks into oscillation and drives 
itself when the controller parameters are propwly adjusted. 

At this point the designer is in a position to c aipiiate the 
complex-plane location of the limit-cycle point by rearranging 
eqn (21) as follows: 




1 

GUo>) 


1 

G<!ij(o)Gp(j(o) 


( 22 ) 
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This means that the complex-plane location can be easily derived 
from eqn ( 22 ), since the dynamics of the linear controller 
Gq ( 70 )) and the lineari 2 »d overall uncontrolled system (yo)) 
are known, or can be easily obtained by the application of 
standard linearmng techniques. Repeated applications of these 
oscillatory procedures on the computer permits plotting a family 
of limit-cycle oscillations of the same frequency and varying 
amplitude. Or, if more convenient, polar plane contours of the 
same amplitude, but varying frequencies may be obtained. This 
particular problem was solved using constant-frequency curves 
having varying amplitudes. Families of such curves are obtained 
because of the presence of time derivatives and integrals of the 
non-linear variables. 

Figure 2 is a plot showmg the relative locations of the normal 
plant operation areas and the limit-cycle oscillation regions. The 
plot indicates that, in general, it is necessary to increase the 
normal gain about 30 dB in order to drive the system into 
undesirable limit-cycle oscillations. Figure 3 illustrates the type 
of limit-cycle data used to develop the system-wide, non-linear 
describing function. Nine intersections of the linear and non¬ 
linear characteristics are shown, resulting in as many limit-cycle 
points. The oscillation frequencies and amplitudes are indicated, 
as wen as the controller functions which drive the system into 
these oscillatory states. Although these intersections are deliber¬ 


ately sought to derive the system-wide describing function, they 
must be avoided in the controller synthesis to realize the required 
system performance. 

Control System Synthesis 

Synthesis —^The foregoing information permits the scientific 
design of the automatic control system, using the family of non¬ 
linear describing functions and linear transfer function loci on 
polar plots previously described, and well-known servo tech¬ 
niques developed by Kochenburger® and others. The details of 
the synthesis of shaping networks for the controller, to avoid 
limit-cycle intersections and to design adequate dynamics for 
control system components, are omitted since they are well 
known. The facility dynamics required to attain the critical 
pressure-time performance at the turbo-pump inlet are deter¬ 
mined in quantitative terms from the computer simulation as 
follows: (1) Controlled system frequency bandwidth must be at 
least 35 rad/sec, (2) Fluid acceleration times must be in the 0*01 
to 0*025 sec range, (3) Full-flow, pressure and other operating 
conditions must be established prior to firing the test engine. 
(4) At least 10-15 per cent of the total flow is diverted from the 
test engine through the by-pass valve, throughout the test. 

These computer-determined quantitative specifications for 
bandwidth and fluid acceleration times required important 
design changes in the physical system as follows: (1) The reduc¬ 
tion of fuel and oxidizer piping to lengths not exceeding iOO ft. 
(2) The provision of a piping configuration including by-pass 
valves for pressure control that divert the necessary flows under 
all test conditions. Thus, for large changes in rates of flow, within 
the previously established maximum flow rates, it is necessary to 
accelerate only the relatively short column of fluid between the 
diversion point at engine capsule and the engine turbo-pump. 
For dynamic flow changes requiring maximum flows greater 
than the previously established maximum, the additional 
fluids must come from the supply tanks, and this requires the 
reduction in piping lengths previously mentioned. After this 
reduction to a 100 ft. maximum is indicated, another problem 
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arises since these piping lengths are 50° long at the 35 rad/sec 
transmission frequency. Thus, a further reduction in pipe lengths 
is necessary to limit the wave length to 30° which is satisfactory 
from a performance viewpoint since it is within the generally 
accepted 0-1 wavelength criteria. The establishment of the 
15 per cent minimum diversion found necessary for effective 
control also requires increased capacity of the propellant 
storage tanks. 

Th^e changes are not all that is required to simulate the 
dynamics of the actual vehicle component geometry including 
the test engine. In addition, characteristics of the control valve 
must be chosen so that when combined with the piping lengths in 
the facility, the overall system-wide flow characteristics closely 
match the square-law flow characteristics of the missile vehicle 
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Figure 4, Predicted system responses 


piping system. A further system requirement determined by the 
sifaulation is the extreme valve operating speed of 100 msec for 
full-stroke. The by-pass connection required serves the dual 
purpose of reducing fluid acceleration times and provides the 
capability of establishing full propellant flow prior to engine 
firing. Finally, and very important, all these factors must be 
present and properly integrated with respect to each other to 
effect the necessary test simulation. 

Computer Responses—Figure 4 shows that with the facility 
and facility control system designed as stated previously, the 
P 3 pressure at the turbo-pump inlet drops approximately 


18 lb./in.2 when the test engine is started. The recording shows 
that the pressure recovers rapidly and is within the required 
limits within 170 msec, which is 30 msec less than the required 
200 msec performance. Thus a 30 msec safety margin is provided 
for differences between the actual and the simulated physical 
systems. The time history of simultaneous changes in the open 
area of the control valve, the corresponding angular position and 
the mass flow change required to attain this pressure recovery 
can be seen by examination of this recording. System constraints 
such as control valve velocity and frequency transmission 
restriction previously mentioned are present, but the computer 
plote show that the system responses did not encounter the 
limits. Paper length limitation precludes inclusion of material 
for monitoring the frequency bandwidth restrictions. Since the 
gas pressure system is dynamically too slow to affect the control 
dynamics, the material with respect to Pi pressure performance, 
the Pi controller, etc., is omitted to conserve paper space. 
Results consistent with the above were also obtained at other 
test engine thrust levels. 

Controller Dynamics—The form of the controUer dynamics 
which yielded the responses shown in Figure 4 are: 

da 

p 1) > (23) 

* Ze ^ 

where da/dr = control valve velocity, in degrees/sec, and Pg^ = 
pressure P3, recorded in mA. The controller dynamics as well 
as those of the control valve, pressure transducers, etc., are 
designed by the techniques previously described in a manner to 
attain the required system performance and avoid limit cycle 
oscillation regions. It is found that the three lead terms shown 
are necessary, since no combination of two terms yields enough 
speed. Because of this large amount of lead compensation, the 
controller requires very careful design and filtering to avoid noise 
interference and possible saturation. 

Furthermore, the computer responses also define the ultimate 
test capabilities of the facility beyond the immediate requirements. 
For example, the computer reveals that this facility has the 
capability to suppress 42 per cent flow disturbances, whereas the 
performance criteria required suppression of 10 per cent flow 
disturbances. Knowledge of this capability, unobtainable 
without a systems analysis, will be very useful when planning 
tests of correspondingly larger engines in the future. 

Conclusions 

This paper illustrates the fact that large differences in space 
and geometric relationships between the rocket engine on test 
and the rocket engine in fligjit environment and configuration 
can be neutralized by scientific design. Realistic conditions are 
achieved by a closely integrated system of piping, piping 
configuration, control valve flow characteristics and control 
system dynamics. The required intimate relationships are 
accomplished through a completely integrated, non-linear 
systems analysis. The electronic analogue computer solution of 
the systems equations accomplishes a fivefold purpose: (a) de¬ 
termines the test system pumping, piping and configuration 
design which provides the required dynamics, (b) establishes 
control system dynamics, (c) ascertains location of limitrcycle 
regions, (d) defines necessary test starting and operational 
procedures, (e) reveals previously unknown advanced capabilities 
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of the plant. These analytical and design techniques make mean¬ 
ingful rocket engine tests possible. It is concluded that the 
probability of achieving the required critical performance by 
non-analytical methods is very low indeed. 


Appendix A 


Derivation of System Equations 


Most of the component dynamics relate to the fluid mechanics 
processes contained therein. Paper length limitations preclude a 
complete exposition of this work; consequently, only a few of 
the more pertinent equations are developed here. 

Gas Storage Tank Equations —^With reference to Figure 7, 
the pressure in the gas storage tanks V-3 and V-4 at any time can 
be described by the characteristic equation for a perfect gas^. 


p _WoRTo 

— vT 


( 1 ) 


where Pq — gas pressure (Ib./in.^), Wq = weight of gas (lb.), 
To = temperature (°K), Vq = volume (in.®), and = gas 
constant (in./®K). 

Gases leaving the storage tanks are not replenished during 
the test, and the pressures are continuously decreasing, ac¬ 
companied by continuously decreasing temperatures. Adiabatic 
expansion processes are assumed, and the temperature in each 
storage tank is expressed by the following equation^: 


’ ( 2 ) 

where Tw = the initial temperature (®K), — the initial pres¬ 

sure (Ib./in.®), and y == ratio (dimensionless). 

Since the weight of the gas in the tank at any instant equals 
the initial weight minus the integrated weight of the gas flowing 
from the tank during the time interval, the following equation 
applies. 

= (3) 


where WQi = the initial weight of gas in the tank (lb.), and Wq = 
weight flow out of the tank (Ib./sec). 

Fluid Flow Through Control Valve —Compressible flow 
through an orifice is expressed by the following equation®. 


or 





_ KiP qAcoi 

° (To)* 

where = open area of control valve (in.®) 


(4) 


Cf = flow coefficient; and 

/I 


ient; and 

imr-m 


/= 0*257 for valve at critical flow which is encountered when 
the pressure output-input ratio pjpt ^ 0*528. 


Pressurizing-Gas Equations— The gas pressure in the pres¬ 
surizing tank can also be described by the characteristic equa¬ 
tion^ 


WtRTi 


(5) 


The temperatures of the gases above the propellant levels 
in tanks V-1 and V-2 are functions of three variables: (1) the 
initial temperature of the gas; (2) the temperature of incoming 
gases from volumes V-3 and V-4, designated for purposes 
of analysis; (3) the temperature change due to pressure changes 
in volume V-1 and V-2, designated volume for purposes of 
analysis. The incoming gas temperatures are constantly decreas¬ 
ing due to the decreasing pressure in supply volume Vg, accord¬ 
ing to eqn (2). Under these circumstances the energy given up 
by the gas in the initial volume is equal to the energy gained by 
the incoming gas, which is at a lower temperature. Therefore 


WuC„(.Tu-Tl)=WoC„iTl-To) (24) 


Solving for Tf and substituting 


Wo + Wn=Wt 

(25) 

gives 


TH, WuTu-^W^To 

(26) 

Since fFo and Tq are functions of time 


W^oro=J*WoTodt 

(27) 


Substituting eqn (27) into eqn (26) results in 


I y^oTodt 

^ - (28) 

where T^ = temperature (°K) of gas in volume Fj, except for 
transient pressure changes. 

Eqn (28) can be modified to include the effect of transient 
pressure changes on the temperature of gas in volume Vi by the 
use of eqn (2) 



where Pn == initial pressure in volume Vi (Ib./in.®); fV^ = ini-r 
tial weight of gas in volume (lb.), and Tu = initial gas tem¬ 
perature in volume (®K). 

The volume occupied by the pressurizing gas in tank is 
equal to the initial gas volume above the liquid^ plus the volume 
vacated by propellant flowing from the tank to the rocket engine. 
Therefore 

= (7) 

where Vn = initial gas volume (in.®), and == the volumetric 
propellant flow (in.®/sec). 

The same relations govern the performance of tank V-2. 
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Propellant Volume- Weight Flow Relations —This relation is a where 

function of the density of the flowing liquid 

V2=‘W2lp ( 8 ) 


L 


I 


Ag 


where = volume flow (in.*/sec), = weight flow (Ib./sec), 

and p = fluid density (Ib./in.®). 

Propellant Pressure Equations—Tb& outlet pressures of the 
liquid oxygen and fuel supply tanks V-\ and V-2 are functions 
of the gas supply pressures Pi and the liquid heights in the tanks. 
Therefore 

■P2=i’i + M-4-f Wjdt (9) 


where P^ — pressure at bottom of propellant tanks (Ib./in.®), 
Pi = pressure at top of propellant tanks Ob./in.^, A* = initial 
level of liquid in tank (in.), = liquid weight flow out of tank 
(Ib./sec), and == liquid surface area (in.^). 

Pipe Line Friction Pressure Drop —^Pipe line pressure drop 
because of fluid friction can be expressed by the following 
equation® 


2gd 


(29) 


where 4P = pressure drop (lb./in.®), /= friction factor (a 
function of Reynolds number), / = pipe length (in.), = velo¬ 

city (in./sec), d = pipe diameter (in.), g = acederation, gravity 
(in./sec*), and p = daisity (Ib./in.®). 

Also 



(30) 


where w = wei^t flow Gb./sec), and ^ = pipe area (in.^. 
Substituting eqn (30) in eqn (29) gives 


Combining eqns (31) and (35) gives the pressure drop in a line 
caused by fluid friction and acceleration 


iP„-P,)=rw^+L^ (10) 


Control Valve Head Loss —^The expression for head loss 
through a valve is derived from Albertson et al.® 




where «i = velocity coefficient, oi^ = velocity coefficient. 

Since oc^ is usually much smaller than 1 /C*®, is usually close 

to unity and is less than Ai, the relation for Aia -2 can be 
simplified to 



where Ka = C„p (2g)*. 


Propellant Flow to Engine —Since actual rocket test engine 
characteristics vary with the engine being tested and are ctaosififtct 
data, the liquid oxygen and fuel flows to the rocket enginfta are 
assumed to be linear functions of pressure for this paper. Thus 


Ws=K3P3 


(15) 


whwe 


AP= 


flw^ 

pA^2gd 




2 


r= 


pA^2gd 


where = propellant flow to rocket motor (Ib./sec). 

The constant changes for each thrust level and for each 
value of the controlled variable Pg. 

Engine Flow Division —^The flow division between engine 
and the by-pass connection is represented by the relation 


Pipe Line Fluid Acceleration Pressure Drop —^Pipe line pres¬ 
sure drops caused by fluid acederations can be developed from 
the following equations. 


F=Ma=iP^-Pt)A 

(32) 

g g 

(33) 

dwjdt 

a——' . 

Ap 

(34) 


where P = force (lb.), a ~ acceleration of fluid (in./sec^), 
M = mass of fluid (Ib.-secVin.), P^ =* upstream pressure 
(Ib./in.^, Pa « downstream pressure Ob./in.^, and A = pipe 
area (in.^). 

Substituting and solving for (P^ — P^ 


_Ma_Zdw/dt dw 
^ Ag dF 


(35) 


W2 = W3-i-W5 (16) 

The simple form of this relation is applicable because the fluid is 
considered incompressible at the working pressures. 

Critical Frequencies —systems analysis is based on the 
assumption of lumped parameters, that is, the resistance and 
inductance are assumed to be lumped in one location physically. 
This type of analysis is valid if the control system cross-over 
frequency is significantly less than the critical frequency. 

(a) Liquid Systems. For this type of system the critical fre¬ 
quency is defined as that frequency of a pressure disturbance at 
which a quarter wavelength is equal to the longest single pipe 
in the system. The actual pipe length can then be limited to an 
acceptable fraction of this. The velocity of sound in a fluid® is 

c=(i)* C3S, 

where E = bulk modulus of elasticity (Ib./ft.^), p — density of 
fluid (Ib.-secVft.^), and C = velocity (ft./sec). 
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also 


and 


_C 2C7I 
/ 0 ) 



for 


A 

4 


(39) 

(40) 


where / == length of longest single pipe in the system (ft.), 
(Oc = critical frequency (rad/sec), A = wavelength (ft.). 

(b) Pressurizing Gases, The following frequency criteria for 
validation of lumped analysis apply to gas systems. These 
criteria are developed in detail by Stalzer®; consequently they 
are not given here. 


Pc 

9 Zd 


(41) 


where (i^jz^ — propagation constant, = {ygRT)^ = velocity 
of sound (ft./sec), and za — duct lengih (ft.). 
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A Longitudinal Guidance System for Aircraft Landing 

during Flare-out 

F. J. ELLERT and C. W. MERRIAM III 


Summary 

Tile design of an automatic longitudinal guidance system for the flare- 
out phase of a blind aircraft landing is presented. This system is pro¬ 
posed for landing aircraft under zero-visibility and high-turbulence 
atmospheric conditions. Furthermore, this system is primarily air¬ 
borne, except for the possible use of ground-based radar beacons, and 
is constructed with light, inexpensive, and reliable components. 

The design of this aircraft landing system is based on a large number 
of requirements for aircraft safety. Aerodynamic, structural, and pas¬ 
senger comfort constraints specifically must be accounted for in the 
design. 

The equations resulting from optimization theory are used as a 
method for the direct time-domain synthesis of this system. This 
method, described briefly in an appendix, results in a guidance equa¬ 
tion that is linear but is a complex function of time to touchdown. • 

Analogue computer simulations of this configuration prove the fea¬ 
sibility of the system. Furthermore, this method of design can be ex¬ 
tended to the problem of lateral guidance during flare-out, thereby 
providing a practical landing system. Also, a number of configurations 
of this system for different airport facilities are possible. 

Sommaire 

La conception d’un systdme automatique de guidage longitudinal pour 
la phase d’extinction des feux de balisage d’un atterrissage sans visibility 
est^ pr^sentye. Ce systyme est proposy pour I’atterrissage d’avions k 
visibility nulle et dans des conditions atmosphyriques hautement tur- 
bulentes. De plus, ce systyme est essentiellement ayroporty, k I’ex- 
ception de I’emploi possible de phares radar au sol, et il est construit 
avec des composants lygers, peu coflteux et fiables. 

La conception de ce systyme d’atterrissage d’avions est basye sur un 
grand nombre d’exigences de la sycurity ayrienne. Plus spycialement, 
des limitations ayrodynamiques, de structure et de confort des pas- 
sagers doivent Stre prises en considdration dans la conception. 

Les yquations rdsultant de la thdorie d’optimalisation sont utilisyes 
en tant que mythode pour la synthyse directe de ce systyme dans le 
domaine du temps. Cette mythode, briyvement dycrite dans un appen- 
dice, rysulte en une yquation de guidage qui est linyaire mais qui 
constitue une fonction, compiyxe du temps restant k courir jusqu’y 
I’instant de toucher terre. 

Des simulations analogiques de cette configuration prouvent que 
le systyme est ryalisable. De plus, cette mythode de conception peut 
ytre ytendue au probiyme de guidage latyral pendant I’extinction des 
feux de balisage, foumissant ainsi un systyme d’atterrissage pratique. 
Un certain nombre de configurations de ce systyme pour divers yquipe- 
ments d’ayrodrome sont ygalement possibles. 

Zusammenfassiing 

Die Verfasser legen den Entwurf eines automatischen Leitsystems fiir 
die Langsbewegung in der Endphase (flare-out phase) der Blindlandung 
eines Flugzeuges vor. Dieses System wird fiir den Fall betrachtet, daB 
ein Flugzeug vdllig ohne Sicht und bei starken B5en landen soli. Der 
Aufbau ist vornehmlich zum Einbau in das Flugzeug bestimmt, doch 
ist auch die Mitbenutzung am Boden stehender Rhdareinrichtungen 
mdglich; er enthSlt nur leichte, preiswerte und zuverlSssige Teile. 

Der Entwurf dieses Landesystems berOcksichtigt eine groBe Zahl 


von Sicherheitsvorschriften fiir Flugzeuge. Aerodynamische und 
Festigkeitserfordernisse, sowie der Flugkomfort fur Passagiere wurden 
besonders beaclitet. 

Die aus der Theorie der Optimierung gefundenen Gleichungen 
werden benutzt, urn die Synthese im Zeitbereich durchzufuhren. 
Die^s Verfahren, das im Anhang kurz eriautert ist, ergibt eine lineare 
Gleichung fiir den Leitvorgang, die aber eine komplizierte Zeitfunktion 
bis zum Aufsetzen des Flugzeuges enthalt. 

Eine Simulation auf dem Analogrechner erwies die DurchfUhrbar- 
keit des Systems. Weiterhin ISBt sich das Verfahren auch auf den Leit¬ 
vorgang fiir die Seitenbewegung wahrend der Endphase der Blind¬ 
landung erweitern und bildet damit ein praktisch brauchbares Lande- 
system. Abwandlungen des Systems fiir verschiedene Flugplatzeinrich- 
tungen sind mSglich. 


Introduction 

A number of guidance systems have been proposed for the 
automatic landing of aircraft under poor visibility conditions^* ^ 
These systems have met with varying degrees of success. A con¬ 
tinuing area of difficulty occurs in the terminal or flare-out phase 
of the landing. In this region, roughly below 100 ft. of altitude, 
existing guidance systems, such as ILS, are not altogether 
satisfactory due to radar ground clutter and other electro¬ 
magnetic disturbances. Furthermore, final corrections in aircraft 
heading, position, velocity, and altitude are required just prior 
to touchdown in order to eliminate errors due to wind, air 
turbulence, and measurement errors. These corrections must 
be made with a high degree of precision and accurate timing in 
order to obtain a safe landing and passenger comfort. 

Visual landings are achieved with safety, in part, due to the 
ability of the pilot to take into account a large number of both 
objective and subjective landing requirements. The design of 
any automatic system approaching this safety and reliability 
must take into account the primary requirements used in visual 
landings. Because these requirements are numerous and pose 
conflicting dynamic constraints, a complicated time-domain 
synthesis problem must be solved. 

The goal of the automatic system discussed here is to 
approach as closely as possible the reliability and safety of 
manual landings but under the conditions of zero visibility and 
high turbulence. In order to achieve this goal, the system must 
be constructed so that the most accurate of the available position 
and velocity sensors are utilized. This requires a partially 
^borne system, and hence added requirements for light, 
inexpensive, and reliable components are imposed. Finally, 
flexibility in the configuration of the automatic system must be 
achievable so that different types of airport facilities can be used 
witiiout the installation of excessive additional airborne and 
groimd-based equipment. 
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Problem Description 

The automatic longitudinal guidance system described here 
is designed for use during the flare-out phase of the landing, 
that is, during the last 100 ft. of the aircraft’s descent. The assump¬ 
tion is made that the aircraft is guided to the proper location 
by air traffic control, and that the aircraft altitude and rate of 
ascent at the beginning of the flare-out phase can range from 
80 to 120 ft. and — 16 to — 24 ft./sec respectively. For values 
outside of this range, the aircraft is waved off by assumption. 

During flare-out, the aircraft may be subjected to both 
steady winds and wind gusts. Wind gusts are of primary impor¬ 
tance because they tend to be random. On the other hand, steady 
winds parallel to the ground can be counteracted merely by a 
steady-state change in the heading of the aircraft. The design 
of this system is based on the assumption that the wind gusts 
cannot be measured directly and have a zero mean value. In this 
case, the wind gust disturbance term does not appear in the 
equations resulting from optimization theory on which the 
design procedure is based. 


Drag 



The equations defining the behaviour of the aircraft during 
flare-out result from the aerodynamic forces and moments 
shown in Figure 1 and from the laws of mechanics®. The angles 
shown are the total angles. These equations then are linearized 
because the deviation from the equilibrium flight condition 
is small during flare-out. The angles and 6 are incremental 
deviations from the level flight equilibrium angle of attack and 
pitch angle respectively. Also, due to the landing geometry, the 
glide path angle F is small, and small angle approximations are 
made. Finally, the assumption is made that the aircraft velocity V 
is maintained essentially constant during flare-out by manual 
or automatic throttle control. These assumptions result in the 
short-period equations of motion of the aircraft, which relate 
elevator deflection djif) to pitch rate The short-period 
equations and the equation relating pitch rate and vertical 
acceleration are combined to give the longitudinal equations 
of motion^: 

x'l 

+(^-^+^)x3(f)+«>X2;mi(0 (1) 


xi(0=Xi(t) (2) 

^3(0 = ^^2(0-i^3(0 (3) 

<0)=^3(0 (4) 

where 

^l(O = 0'(O» ^2 (0 = 0(0. X3(t) = h’(t), 

X4(0 = ft(0, »ii(0=5e(0 (5) 

These equations are written in terms of the four measured 
signals O'(t), 6 (/), h! and h (t). The altitude h (/) could be 
measured with a radar altimeter, the rate of ascent K (i) with 
a barometric rate meter, and pitch 6 (t) and pitch rate 6' (t) 
with gyros. 

The nominal values of the parameters appearing in eqns (1) 
to (4) are given in Table L The design is based on these nominal 
values. 


Table 1, Nominal aircraft parameters 


Parameter 

Designation 

Nominal value 

T, 

Path time constant 

2*5 sec 

f 

Short period damping 



factor 

0-5 


Short period resonant 



frequency 

1 rad/sec 

Ks 

Short period gain 

—0*95 sec~^ 

V 

Aircraft total velocity 

256 ft,/sec 


The design of this system is also based on a number of 
requirements and constraints for aircraft safety and passenger 
comfort. These requirements are: 

(1) The desired altitude (f) of the aircraft during the flare- 
out is described by the path shown in Figure 2 (a). This exponen¬ 
tial linear path ensures a safe and comfortable landing. An 
altitude error of 0 to ± 1 ft. at / — 20 sec is acceptable because 
touchdown at a precise point on the runway is not required. 

(2) The desired rate of ascent Ka (f) is given by the time 
derivative of (t) and is shown in Figure 2 (b). Rate of ascent 
errors are important primarily at touchdown. Errors between 
± 0*5 ft./sec are acceptable. 

(3) In order to ensure touchdown on the main aircraft 
landing gear, the total pitch angle at touchdown 0 (20) must be 
between 0° and -h 15®. 

(4) During the landing, the total angle of attack A (t) must 
remain below the stall value of -f 18®. Because the aircraft 
enters the flare-out phase in equilibrium with an angle of attack 
of about 80 per cent of the stall value, the permissible positive 
increment in the angle of attack is + 3*6®. 

(5) The elevator deflection is restricted to motion between 
mechanical stops at — 35° and + 15°. 

All of these requirements are treated in the design of the 
system. 
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System Design 

The design of this system is based on the equations resulting 
from optimization theory®. These equations are obtained by 
minimizing a mathematical error index formulated from the 
prescribed performance requirements. 




(c) Pitch angle at touchdown:Os0(20)-+15* 

(d) Angle of attack A (t)< 18® 

(e) Elevator deflection: -35s5eCt)^+15® 


Figure 2, Longitudinal performance requirements 

The error index e (f) employed in the design of this system is 
rzo 

{4>t(<^)m<r)-e'(<r)Y+<l>2(cT)ieM-e(a)T 

+^3 LK + <p4 Ihj (<r) - h (a)Y 

+ iSM-Se(<y)?)dcr ( 6 ) 

where cr is a dunuiQr time variable and t is real time. This index 
contains five terms corresponding to the five requirements 
depicted in Figure 2. The first term involves the error between 
the desired pitch rate and the actual pitch rate 0 ' as opposed 
to the ang^e of attack error, The aircraft lift equation defines 
the angle of attack in terms of a first-order differential equation, 
v^here pitch rate is the driving function. Angle of attack errors 
are diminished by reducing pitch rate. The remaining terms in 
eqn ( 6 ) correspond directly to the other performance require¬ 
ments. ^ 

The desired values of the response and control signals 
appearing in the error index are given in Table 2 . Because the 
incremental angle of attack and the elevator deflection essen¬ 


tially are constrained between positive and negative limits, the 
desired values for these signals are selected to be zero. The total 
pitch angle at the desired touchdown point 0 ( 20 ) is constrained 
between 0° and + 15°. Hence, the desired value for the incre¬ 
mental pitch angle 0 ( 20 ) is selected to be zero. 


Table 2. Desired response and control signals 


Desired response 
or control signal 

Numerical value 

O'a 

0 

6^(20) 

h'a 

0 

See Figure 2(b) 

ha 

See Figure 2 (a) 


0 


The error quantity in each term in the index is squared. Also, 
each term contains a time-varying weighting factor which 
places emphasis on the associated error during the appropriate 
portion of the interval of control. The use of such an index in 
coiyunction with linear aircraft equations of motion results in 
a linear control system®. This control system consists of a timo- 
dependent input signal and time-dependent gains in the feedback 
loops which are implemented easily in terms of available 
components. 

The mathematical forms of the weighting factors are 
suggested by the nature of the performance requirements. 
Because the magnitude of the angle of attack is important 
throughout the flare-out, (<r) is selected to be a constant, 

On the other hand, the pitch angle is important only at the 
desired touchdown point Hence, 02 W is selected to be the 
impulse function 02» t Wo (20 — cr) occurring at or = 20. The rate 
of ascent is important over the runway and primarily at the 
desired touchdown point. Thus, 03 (cr) is selected to be zero for 
0 ^ ^ ^ 15, 03 for 15 ^ cr ^ 20, plus the impulse function 
03>r (20 — cr). Finally, due to the importance of altitude 

errors throughout the landing interval but emphasized at the 
desired touchdown point, 04 (a) is selected to be a constant 04 
plus the impulse function 04 ,t «o (20 — or). 

The parameters of these mathematical forms for the weight¬ 
ing factors must be specified numerically. A selection procedure. 


Table 3, Data used in the selection of weighting factors 


Maximum allowable response error and 
maximum available control signal 

Weighting factor 
parameter value 

= 0-262 rad 

Vi = 1 

= 0*0251 rad/sec 

(Px - 27-2 

£3 =a 4 ft./sec 

^3 « 0*00107 

e, =20ft 

(p^ « 0*0000428 

ai(20)=-0 


ea (20) = 0*00873 rad 

9?2» T ~ 24*1 

63 (20) = 0*5 ft./sec 

933,21 = 0*00735 

£4 (20) = 1 ft. 

d'i (20) = 0*5 rad/sec 

994, = 0*00184 
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which provides a rough estimate of these values, is described 
in the Appendix. The values computed by this procedure are 
listed in Table 5, The maximum allowable response errors and 
the maximum available control signal, which are used to obtain 
the numerical values of these weighting factor parameters, are 
also listed. The maximum allowable pitch rate error is com¬ 
puted using the steady-state relationship between pitch rate and 
the incremental angle of attack given by the lift equation, 
namely, 0' = oc/Ts where a = + 3-6°. The maximum allowable 
pitch rate error at the terminal point Sj (20) is selected to be' 
zero because the straight-line portion of the desired flare-out 
corresponds to a constant pitch angle. The remaining maximum 
allowable response errors and the maximum available control 
signal are obtained directly from the stated requirements. The 
system performance resulting from these weighting factor 
parameter values satisfies all of the requirements and, hence, 
indicates the usefulness of the selection procedure described. 

The minimization of the error index with respect to. the 
control signal results in the control equation^ 

Eqn (7) I * 

The block diagram of the system is drawn directly from this 
equation and is shown in Figure 3 (a). The system consists of a 
time-dependent input signal and time-dependent gains in ihe 
four feedback loops. 

One possible implementation of the airborne controller is 
shown in Figure 3 (b). Tapped potentiometers, with appropriate 
voltages applied to the taps, are used to generate the time- 
dependent input signal and feedback gains. The measured 
signals also are applied to the potentiometers. If the common 
shaft to the potentiometers is rotated by a position servo through 
an angle t, proportional to the time to touchdown, then the 
signd at the wiper arm of each potentiometer is the appropriate 
product of the measured signal and the time-dependent feedback 
gain. The input signal to the system is obtained by applying a 
fixed voltage to the corresponding potentiometer. 

In order to obtain a signal proportional to time to touch¬ 
down, the ground speed of the aircraft must be measured. 
Ground speed could be obtained with ground-based radar 
beacons located under the aircraft approach path and spaced 
at a known distance. Anotiber possibility is the use of ground- 
based Doppler radar. In this case, the velocity information would 
be relayed to the aircraft. In either case, the time to touchdown 
is estimated by dividing the distance from the aircraft to the 
desired touchdown point on the runway by the ground speed of 
the aircraft. Groimd-based radar also could be used to measure 
this distance. 

The input signal and feedback gains are specified numerically 
from the solution of differential equations. The general form 
of these equations is given by eqns (14) and (15) in the Appendix. 

The numerical values of the input signal and feedback gains 
are functions of time to touchdown and are shown in Figure 4. 
Three of the feedback gains exhibit distinct peaks near touch¬ 
down. These peaks are due to the use of the impulse functions 
in the weighting factors and are required in order to satisfy the 
performance requirements at touchdown. The input signal (f) 
is a composite weighting of the desired response and conhrol 
signals with anticipation included to offset the lags in the aircraft. 



(a) 



(b) 


Figure 5. (a) System block diagram 
(b). Airborne controller implementation 

System Performance 

The aircraft landing trajectories are obtained by specifying 
the initial values of the four measured signals and by solving 
eqns (l>-(4) and (7) simultaneously when the k parameters 
shown in Figure 4 are used in eqn (7). The initial values of the 
measured signals are tabulated m Figure 5. Case II corresponds 
to the condition for which the aircraft is initially on the de¬ 
sired trajectory and has the correct rate of ascent. Cases I and 
ni correspond to the worst possible combinations of the lar¬ 
gest initial altitude and rate of ascent errors. 

The computation of the landing trajectories was carried out 
on a digital computer. These trajectories and other tabulated 


*Eqn(7) ^e(O=coto[fci(O-fcu(O0'(O-fci2(O0(O-fci3(Oft'(O-fei4(Ofe(O] (7) 


507 






F. J. ELLERT AND C. W. MERRIAM HI 


perfonnance data also are presented in Figure 5. The term 
‘touchdown error’refers to the distance along the runway between 
the desired and actual touchdown points. The data indicate that 
the system satisfies all of theprescribedperfonnancerequirements 
in spite of the vwde range in initial conditions. All of the landing 
trajectories deviate from the desired altitude until approximately 
10 sec ^er the beginning of the flare-out. These deviations are 
primarily due to the angle of attack and elevator deflection 
requirements. During the final 10 sec of the landing, the actual 
trajectories follow the desired altitude quite closely and satisfy 
the terminal requirements with no difiSculty. 

As already mentioned, the design of this longitudinal 
guidanw systeih is based on the nominal aircraft parameter 
values listed in Table 1. Because the actual values may differ 
spniewhat from these nominal values, a sensitivity study was 
performed on an analogue computer in order to determine the 
pei^ssible range for each aircraft parameter consistent with a 
satisfactory landing. In the analogue computer simulation, the 
system input signal, (t), was obtained using a 20 segment 



a crash occurs; if the aircraft is nosed up too sharply, the anel<» 
of attack limit is exceeded and aerodynamic stall occurs. 

- The sensitivity study indicates that the system is practical 
for a reasonable range of parameter values around the nominal 
values. For a given aircraft, the values of the aircraft parameters 
are usuaUy known within the range indicated in Table 4. A sen¬ 
sitivity study also was performed with respect to the mag nitudes 
of the feedback gains and the input signal. The system proved 


i2’'TK" 

hd(t)100 


Case 

Peak altitude 
error 
ft. 

Peak angle 
of attack 
degrees 

Peak elevator 
deflection 
degrees 

1 

^1-93l*21-70 

+15-69 

-0-488 ! + 3'04 

II 

-6*751+ 0-466 

+ 16-35 

-10-88 1+0-011 

III 

-29-17 !♦ 1-902 

rTta-oo 

-24-69 ! +0-110 



sec 


12 


18 20 


Figure 5. Simulated system performance 


to be the most sensitive to the magnitude of (t); a maximum 
decrease of 14 per cent can be tolerated. On the other hand, the 
system proved to be least sensitive to k^ (r); an 82 per cent 
increase is permissible. 


Table 4. Permissible aircntft parameter changes 


Para¬ 

meter 


Nominal 

value 


Increased 
by a 

factor of 


Decreased 
by a 

factor of 


Limiting 

condition 


Case where 
limit 
occurs 




0-5 


. 2 * 


None 


MadeO 


None 


diode function generator. The feedback gains k^ (t). k^ (r), and 
*14 (0 were simulated using servo driven potentiometers with 
17 taps connected through the appropriate resistors to a 
plus or minus reference voltage. The remaining feedback gain, 
k^ it), was treated as a constant. This analogue simulation of 
the entire system reproduced accurately the digital computer 
rcsidts. The largest altitude error between the analogue and the 
digitally computed trajectories is approximately 0'5 ft at 
about t = 5 sec. 

In tWs sensitivity study, the value of each aircraft parameter 
was varied until one of the prescribed performance requirements 
was violated, or until a further change in the parameter was 
umeasonable. The pennissible range .in each parameter is 
indicated in Table 4. The condition that would have been 
wolated by a further change is also listed. In this table the term 
crash’ refers to the situation in which the rate of ascent is more 
negative than - 1-5 ft./sec. The behaviour of the system is most 
^sitive to an increase in the value of the path time constant, T,. 
This IS due, in part, to the wide range of initial conditions 
sorted. As indicated by the last column of Table 4, the greatest 
difficulty IS encountered for the initial conditions of Case III. 
If the aircraft is not nosed up shaiply enough for this case. 




— 0*95/sec 


1 rad/sec 


2*5 sec 


256 ft./sec 


* Could be changed further 


10 * 


None 


2 


3 


2 


1*2 


10 


2 * 


M5 


Crash 

Stall 

Crash 

Crash 

Pitch 

None 

Stall 


III 

III 

III 

III 

I, II, III 


III 


An attempt to approximate the feedback gains by constants 
throughout the entire flare-out interval met with failure. The 
time variations in the input signal and t|ie feedback are 
essential for satisfying the multiple perfonnance requirements. 

The behaviour of the system in the presence of a disturb^ce 
was also investigated. A random perturbation was added to the 
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angle of attack in order to simulate the effect of a vertical wind 
gust. The peak gust amplitude was approximately 5 ft./sec. 
The landing trajectories obtained indicate that a safe landing 
can be achieved in the presence of such disturbances. 

Conclusions 

The simulation results demonstrate that the design specifica¬ 
tions can be met for the aspects of the aircraft landing problem 
presented here. In fact, system performance indicates that 
passenger comfort, in addition to aircraft safety, can be main¬ 
tained even under conditions of reasonably high turbulence. 
Also, the implementation of this automatic landing system 
poses no particular difficulties, and a number of different system 
configurations could be evolved for use in conjunction with 
air traffic control and ILS approach systems. 

Due to these results and the flexibility of the design method 
afforded by optimization theory techniques, a broader design 
study of the aircraft landing problem should result in a practical 
and safe landing system. In particular, the lateral motion and 
its cross-coupling to the longitudinal motion would be treated 
in such a study. Additional design considerations occurring in 
the three-dimensional problem are crab angle due to cross 
winds, roll angle due to turns, and runway alignment. 

Appendix 

The design problem treated in this paper is a special case 
of a class of optimization problems characterized by linear 
processes and quadratic error measures. Specifically, the process 
is described by the response equation 

iit) = Ax(t) (8) 

and state equation 

x\t)^Bx{t)-^Cm{t) (9) 

The response vector q state vector x (jt), and control vector 
m {t) are assumed to have 2, iV, and M dimensions respectively. 
The elements of the matrices A, B, and C are denoted as (0> 
bwm Wj and {t) respectively. Also, the error index is taken 
to be 

e(0=|^«(ff)d<7 ( 10 ) 

where the error measure (a) is written as 

em(0= i <l>n(m«(t)-q„it)f+ I (11) 

n*l n=l 

when a is replaced by t. In the error index, real time and terminal 
time are denoted by t and T respectively. In the error measure, 
the desired response vector is denoted by Q (t\ and ^ (t) and 
^ (r) are weighting factor vectors. The selection of the weighting 
factors is restricted such that^n (0 ^ 0 and^„ (i) > 0 . 

The criterion used in this paper for system design is that the 
system is selected to minimize the error index for all values of 
real time and for all x (r). The control equation which minimizes 
the error index for this class of design problems is well known® 
and can be derived either from the calculus of variations® or 
from dynamic programming’. This control equation is Avritten as 

m„it)=K„it)- i n’=l,2,...,M (12) 

ni=l 


The parameters which appear in this control equation are written 
in terms of a set of k parameters as 


V^nWm^l 

1 N (13) 

^nm (0 “ ^ 


where k^^(t) = kjara(t). Furthermore, the k parameters are 
defined by 


— k* 


and 


Q JV 

= E E 

11=1 »=1 


MNN 

lYl 

n=li = lj = l Wn 


Q N 

-Kk^ E <^»anma»lk+ E ibnm^<^«k+KkKm] 

n=l n=l 


(14) 


M N N 


-III 

»=li=lj=l ¥n 


(15) 


where time function notation is dropped for convenience. 
Finally, these parameters satisfy the boundary conditions 


fc,»(T)=fe„,(r )=0 ( 16 ) 

In the case of the aircraft landing system, the desired response 
signals are given. However, appropriate weighting factors must 
be selected in order to meet the design requirements. The 
consequences of selecting various mathematical forms for 
weighting factors have been dealt with in the literature®* ®. In the 
design of this system, however, an attempt is made to use the 
design specifications directly in the selection of both the mag¬ 
nitudes and mathematical forms of the weighting factors. An 
approximate method for the selection of weighting factors is 
outlined below. At any instant of time, the maximum allowable 
response errors should contribute equally to the error measure 
because the system is designed to minimize the integrated sum 
of the errors. Therefore, the relationships 

^,(0=[^]%fi(0. n=l,2 . e-1 (17) 

are found by equating terms in eqn (11), The variable (0 is 
defined as 

(0 ^ (0 (011 maximum > W = 1, 2, ..,, Q (18) 

\ 1 allowable 

Similar reasoning applied to the control signals provides 

<;'„(0=[^]Vi(0. n=2.3,...,M (19) 

where the variable (t) is defined as 

5n (0 ~ (01 maximum > W = 1, 2, ..., Af (20) 

I available 

Given these relationships, eqn (11) becomes 

e„( 0 =a<^e( 04 ( 0 +M!^^i( 0 ^f (0 ( 21 ) 

If the total contributions to the error measure of the maximum 
allowable response errors and the maximum available control 
signals are equal, then 
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is obtained. Finally, no restrictions are imposed by choosing 

W = L Therefore, eqns (17), (19) and (22) specify the 
wei^ting factors according to this selection procedure. 

In Ihe case of the aircraft landing problem, an even more 
approximate weighting factor selection procedure is used. Over 
the interval of time where a particular response error is impor¬ 
tant, the corresponding weighting factor is chosen to be a con¬ 
stant. The values of (/) and 6^ (/)> which are used in the 
above equations, are then chosen to be the maximum values of 
^e corresponding error or signal that are allowed during the 
interval 0 ^ ^ 20. In addition to the constant weighting 
factors, impulse weighting factors are used at the desired 
touchdown point. Specifically, weighting factors of the form 

011 (0 ^ 0 « + 0 «. r Mo 0- T) (23) 

are used where Kq (x) is the unit impulse function occurring 
at X ^ 0. 

The previous equations do not apply to the selection of 
and therefore an additional selection procedure is needed. 
The relative values of these factors are established by 



with reasoning similar to that used for eqns (17) and (19). Also, 
the values of are established from an additional relationship 

which is found from the maximum available rate of change of 
the control signal at the terminal point. In the case of the aircraft 
landing system, this rate of change is given by 

mm -Cii{^i[fii(T)-gi(T)]+^2.r[e2(r)-«2(r)]} 

(25) 

Finally, the maximum available value of w'i(T), which is 
denoted by d\ (X), is expressed as 

l^i W|'=|^^ii|[0i[ei(T)| + ^2.T|s2(^)|] . (26) 


under worst case conditions. This relationship is used to find 
an approximate value of 

The authors wish to acknowledge the assistance ofM. F. Marx 
and jR. G, Buscher, of the Light Military Electronics Department^ 
who participated in the description of the landing problem. The 
authors are also indebted to L. E. Tannas, formerly with the 
General Electric Company^ who was primarily responsible for 
evaluating the performance of the system in the presence of 
parameter changes and disturbances. 
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DISCUSSION 


A. M. Letov, Institute of Automatics and Telemechanics, Kalantschevs- 
kaja 15 a, Moscow, U.S.S.R. 

The problem of automatic landing in a flare-out mode is not only a 
very beau^ul ^d interesting scientific problem, but is also a very 
useful engineering one, .in the solution of which all of us are very 
interested on account of the rapid development of aviation. This 
problem is posed correctly from the mathematical point of view and 
there ^e also some requirements of an engineering character to be 
taken into account, for instance the limitations on phase coordinates. 
The correctness of the solution given in the paper carmot be doubted. 
I think that the sole question which has to be discussed in this field is 
the application of d-functions as a weight coefficient of the optimizing 
functional ( 6 ). In this connection I am interested in: 

(1) The question of useful physical effect of introduction of <5- 
fiinctions in the functional ( 6 ) at the moment of touchdown. 

(2) The question how these d-functions can be really obtained in 
the control system. 

F. J. Ellert and C. W. Merriam IH, in reply 

We appreciate Professor Letov’s interest in aircraft landing and his 
questions concerning the key concepts used in our design method. 


The terminal impulse weighting factors are introduced in order to 
give our system the desirable characteristics of a terminal control 
system such as touchdown point accuracy and proper aircraft 
altitude. 

The path weighting factors also are introduced in order to give our 
system the desirable characteristics of an exponential control system 
(see Ref, 1 of the paper) such as trajectory shape insensitivity to initial 
condition errors and wind gusts. 

The impulse weighting factors do not directly enter the control 
system. On the other hand, they do determine the terminal slopes and 
peaks occurring near the touchdown point of the control equation 
parameters Ki, Kn, Ki^, and ^14 as found from the solution of 
eqns (14) and (15). 


M. Sanuki, Department of Aeronautics, University of Tokyo, Japan 

According to literature, e.g. Ref. 2 of the paper, the F.A.A. (U.S.A.) 
seems to favour an improved ILS against such a guidance as yours. 
What is your personal opinion? 

If an ordinary ILS is a fundamental requirement for, or prior to, 
your guidance system^ is there any awkward phase in your system like 
the constant attitude phase of B.L.E.U. system? 
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F. J. Ellert and C. W. Merriam III, in reply 

At the time our work was carried out, the F.A.A. preference for an 
improved ILS system was not known to the authors. The eventual 
adoption of a blind landing system for commercial aircraft in the 
U.S.A. is dependent upon many considerations in addition to system 
performance. The authors believe that the system presented in this 
paper would give better performance than the presently proposed ILS 
system (see American Aviation, August 1963). 

The system described in this paper presupposes the use of ILS 
guidance prior to flare-out. This requires a single mode switching. Our 
system eliminates three of the mode switchings used in the B.L.E.U. 
system. We feel that mode switching just prior to touchdown is un¬ 
desirable from a safety point of view. 

I. OSTOSLAWSKY, Institute of Automatics and Telemechanics, Kalan- 
tschevskaja 15a, Moscow, U.SS,R, 

A very simple and interesting method of blind landing calculation 
proposed by the author is based on the equation where the term 
corresponding to random wind gusts is zero. How is the presence of 
turbulences in the air accounted for in the algorithm in the case 
where turbulence intensity and structure can vary? 

F. J. Ellert and C. W. Merriam III, in reply 

Our treatment of statistically varying wind disturbances is based 
on two assumptions. First, the disturbances are additive Gaussian 
signals. Second, the system is designed to minimize the conditional 
expectation of the error index given in eqn (10). Under these condi¬ 
tions, additional terms appear on the right-hand side of eqn (14) 
which are proportional to the conditional expectation of these disturb¬ 
ance signals. We further assume that these disturbance signals are 
unobservable and have zero mean value. Therefore, the conditional 
expectation of these disturbance signals is zero, and eqns (14) and (15) 
as given define the optimal system consistent with our formulation of 
the problem^. 

Reference 

^ Merriam III, C. W. Optimization Theory and the Design of Feed’- 
back Control Systems, 1964. New York; McGraw-Hill 

G. Toumanoff, Airborne Instruments Laboratory, Comae Road, Deer 
Park, Long Island, N.Y,, U.S.A, 

It might be of interest to the authors and to those who are concerned 
with automatic landing that a system developed by the firm for which 
I work has recently been accepted by the F.A.A., in so far as a contract 
for its development is accepted, as the future integrated total auto¬ 
matic landing system. The principle on which it is based provides 
a choice of angles of flight path continuously from the first entrance 
into the approach cone to actual touchdown. There are, in effect, no 
phase changes at all. The system permits to the aircraft the choice 
of initial approach angle and the computation on board of a gradually 
changing angle of approach going from, say, the nominal 3^2^* to 4® 
that we associate with ILS to which is just held until the wheels 
touch the ground. The system includes distance measuring equipment 
and radar monitoring of the G.C.A. type, and it is available to an 
unlimited number of aircraft within the approach path. There are 
numerous references to this system available. 


F. J. Ellert and C. W. Merriam III, in reply 

These timely comments are appreciated, and a more complete de¬ 
scription of AIL’S system can be found in a recent article in American 
Aviation, August 1963. 


R. K. Smyth, Autonetics Ltd,, U,S.A, 

My experience with automatic landing systems^ has indicated that 
the most difficult aspect of the problem involves enor and noise 
in the sensors’ thrust and velocity variations, and practical problems 
of hardware implementation. It is hoped that the authors will some 
day have the opportunity to grapple with these problems in an actual 
flight test programme. The tolerance of the proposal controller to 
off-nominal conditions should alleviate but not eliminate these 
practical problems. 

Would the authors care to remark on these comments and answer 
the following question: the time variable gains kn (f) and k^^ if) 
(Figure 3 (a)) have very little variation with time. It would seem from 
a simplicity point of view that they could be replaced with fixed gains. 
Have the authors investigated the difference in performance with 
these gains fixed? 

Reference 

^ Smyth, R. K. and Velander, E. W. Autoflare landing system for 
jet transports, presented to the S.A.E. Aeronautic Meeting, April 
1961, New York City 


F. J. Ellert and C. W. Merriam III, in reply 

As stated in the paper, kn (t) was taken to be a constant in our 
simulation of the system. This approximation causes negligible error. 
Although we have not done so, we believe that the same approxima¬ 
tion can be made for ki 2 (t). 


D. A. Lloyd, The Aviation Division of S. Smith & Sons (England) Ltd. 
Cheltenham, Glos,, England 

The aspects of flare-out dealt with in this interesting paper are the 
comparatively simple ones. The paper illustrates a possible method 
of design. 

The more difficult problems are those concerned with speed 
variations, and the effects of wind shears and horizontal turbulence 
during the flare-out phase. These effects lead to a less well-defined 
touchdown point and may lead to some difficulties in the mathematics 
and in the system mechanization. 

Can the authors give any results of subsequent work either with 
a real aeroplane or with more realistic mathematical models of the 
aeroplane and its enviroment? 

F. J. Ellert and C. W. Merriam III, in reply 

The authors are not in a position at present to publish detailed results 
on the effects of speed variations and wind shears. However, com¬ 
prehensive simulation studies of these and other disturbances have 
been made and fully support the claims made in our paper. 
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Automatic Control of a Large Steerable Aerial for 
Satellite Communications 
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Summary 

The paper describes the methods used to steer the 85 ft. diameter 
paraboloidal reflector aerial at Goonhilly, England. This aerial has 
been constructed for the British Post Office as part of its experimental 
ground station for tests mih communication satellites. Beamwidths 
are of the order of 10 min of arc and a steering accuracy of some 
4 min of arc is a requirement. 

Two modes of steering are provided. In one, the local ephemeris 
IS computed from a knowledge of either the orbital elements or 
rectangular coordinate ranges presented at one-minute intervals. In 
the other, fine control of beam pointing is effected by determining the 
angular bearing of a target emission and applying corrections to the 
reflector steering mechanism. 

Effectively, there are two control loops. One includes shaft position 
pick-off data fed back to the input circuit while the other includes 
electronic error determination fed back as a correction to the input 
data. 

The paper describes the apparatus used and the result of 
experiences. 

Sommaire 

Cette 6tude ddcrit les m6thodes employees pour diriger Tantenne k 
reflexion parabololde avec une ouverture de 85pieds (25,904 m) a 
Goonhilly, Angleterre. Cette antenne a 6t6 construite pour les services 
postaux britanniques, faisant partie de sa station d’essai sur terre 
pour des essais avec des satellites de communication. Les rayons ont 
une largeur d’environ dix minutes d’arc, et le r^glage doit avoir une 
precision d’environ quatre minutes d’arc. 

Deux modalit^s de direction sontpr6vues. Dans I’une, l’6ph6meride 
locale est calcul6e, partant de la connaissance soit des 616ments orbi- 
taux soit d’ensembles de coordonndes cart^siennes qui se pr6sentent 
de minute en minute. Dans I’autre, le r6glage prdcis de la direction 
du rayoi^ s’effectue en determinant le rel^vement angulaire d’une 
6 mission de cible et en corrigeant I’appareil de direction du r^flecteur. 

II y a en effet deux boucles de commande dont I’une comprend 
des donn^es relev6es d’apr^ la position d’un arbre et renvoy6e au 
circiut d’entr^e, tandis que I’autre comprend la determination 61ec- 
tronique d’erreurs renvoyee pour corriger les donnees d’entrte. 

Ce m6moire d^crit les appareils dont on se sert et les resultats des 
experiences. 

Zusanunenfassong 

Dieser Aiffsate beschreibt die Methoden, mit denen man einen Parabol- 
spiegel mit einem Offnungsdurchmesser von 26 m in Goonhilly, Eng¬ 
land, steuert. Diese Antenne wurde fiir die britische Post als einTeil 
ihrer Versuchsbodenstationen zur Priifung der tlbertragung mit 
Femmeldesatelliten gebaut. Die Strahlungskeule hat einen Biinde- 
lungswinkel von ca. 10 Winkelminuten, was eine Steuergenaui^eit 
von etwa 4 Winkelminuten erfordert. 

Zwei Steuerungsarten sind vorgesehen. Bei der ersten werden die 
(Orts-) Ephemeriden in AbstSnden von einer Minute entweder durch 
die Bahnfcoordinaten oder durch rechtwinkelige Koordinaten be- 
xeclmet. Bei der zweiten Methode wird die genaue Regelung der 
Strahlungsrichtung dadurch erreicht, daB man den Richtungswinkel 
ernes signalaussendenden Oirtungsobjektes ermittelt und daraufhin 
erne Korrektur durch den Reflektorsteuermechanismus vomimmt. 


Es existieren zwei Regelkreise. Der eine erfafit die abgegriffenen 
Werte der Lage der Antennenachse, die auf den Eingangskreis zuriick- 
gefu^t werden, wahrend der andere elektronisch die Abweichung 
bestin^t, die ebenfalls zur Korrektur der Eingangswerte dient. 

Die Arbeit erlSutert sowohl verwendete GerSte als auch experi- 
mentelle Ergebnisse. 


Introduction 

The British Post Office has had erected in the south-west of 
England a large steerable microwave aerial for use in communica¬ 
tions satellite experiments. A major element of the aerial system 
is a paraboloidal reflector of 85 ft. diameter and it is a requirement 
that the axis of this be steerable to any bearing in the hemisphere 
above the horizontal plane. When the reflector is illuminated 
from the focus with electromagnetic energy at frequencies in the 
microwave range the resulting far-field beamwidth is only 
some 10 min of arc and accuracy of pointing of the beam is 
required to be a fraction of this. A satellite towards which the 
beam is directed will, in general, have motion relative to the 
aerial, so the problem is the automatic steering of the beam so as 
to illuminate continuously a moving target. 

The Aerial 

The aerial feed—^the transmitter of power and the receptor 
of energy received from the satellite—is located at the focus of 
the paraboloid and faces it. The reflector is moimted on a 
horizontal axis raised above a horizontal turntable rotatable 
about a vertical axis. An outline drawing of the arrangement 
is shown in Figure 1, By movement around the horizontal and 
vertical axes, the axis of the reflector may be given any required 
bearing. Movement about the horizontal (elevation) axis is 
effected by a motor-driven screw, nut and connecting-rod 
combination while rotation about the vertical (azimuth) axis is 
accomplished by continuous-chain drive from a motor located 
at a fixed point outside the turntable. The d.c. motors for eleva¬ 
tion and azimuth drive are each of approximately 100 h.p. 
The total weight of the structure above the fixed turntable 
support is some 870 tons. 

The Steering Mechanism—^An Outline 

Any desired reflector axis bearing versus time characteristic 
can be achieved by applying control signals independently to 
the mecha n is m s giving azimuth and elevation and increments 
of these quantities. In this particular application, and when 
under conditions of automatic operation, the data are presented 
and read at intervals of 1 sec or less. Presentation is in the 
form of a punched paper tape. The horizontal and vertical axis 
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Figure 1, Outline drawing of the steerable aerial 


positions are each determined by a servo loop which includes 
a comparator, digital-to-analogue converter, a Ward-I-eonard 
set, a d,c. motor-drive mechanism and a shaft position read-out, 
the last of these feeding a signal back to the comparator. 

Manual control of the aerial is also necessary under certain 
test conditions or when it is desired to move the aerial to another 
bearing without recourse to the preparation of a steering tape. 
An aerial-steering console is provided at which this can be done, 
appropriate manually-selected signals being fed into the servo 
loops. An additional function served by the aerial-steering 
console is to feed into the steering mechanism any offsets, i,e., 
additions to or subtractions from the data as presented by a 
steering tape, and found necessary as a result of the electrical 
measurement of any angular difference between the axis of the 
aerial reflector and a line between the aerial and a satellite 
emitting a beacon signal. A further function of the aerial¬ 
steering console is to display all data relevant to the steering, 
mechanical and electrical characteristics of the aerial and for 
the initiationof manual take-over should any defect or emergency 
arise. 

A block diagram of the control system is given in Figure 2 
while Figure 3 shows the aerial-steering console. 

The Generation of Steering Signals 

The bearing versus time characteristic of a co mmunic ations 
satellite may be determined either by an accurate knowledge of 
the orbital elements, by the receipt of a radio emission from the 
satellite itself or by a combination of these. The aerial feed of 
the particular installation under discussion is steered by the 
combination of methods. 

, Orbital elements which, it must be remembered, may be 
variable with time, are determined by radio, radar or optical 
methods and, often, by a combination of them. In the first 
experimental application of this aerial—^tests involving the 


satellites of projects Telstar and Relay—^the orbital elements 
were determined by radio means employing, particularly, the 
world-wide Minitrack network. At the Goddard Space Flight 
Center, Maryland, U.S.A., data from the Minitrack network 
were assembled and a computer was used to determine in 
advance the bearing versus time characteristics of the satellites 
as at the aerial site. Bearings were in terms of the distance to the 
satellite expressed in a Cartesian coordinate system of true 
north, true east and the local vertical. To have determined these 
data at, say, 1 sec time intervals would have been expensive 
both in terms of computer time at Goddard and in transatlantic 
communication facilities. The data were therefore computed 
for 1 min intervals and transmitted across the Atlantic as 
telegraph signals and received on punched tape. In general, the 
information was made available between 1 and 9 days in advance 
of the commencement of a test. 

At the aerial site the received data was processed in a 
National-EUiott type 803 computer to generate an aerial steering 
tape bearing the control data mentioned earlier. The program¬ 
ming involved was complex, for it was not only necessary to 
make a sixth-order interpolation of the input data and provide 
coordinate conversion, but also to extrapolate backwards and 
forwards in time so that the aerial could be steered from one 
rest position to another. In addition, the programming had to 
take into account the elevation-dependent effect of refraction 
and any systematic deviations between the nominal mechanical 
axis of the reflector and the beam axis consequent upon small 
changes of reflector shape with attitude. 

At the aerial site there is a highly stable electric clock system 
adjustable to Universal Time and providing a digital output. 
The aerial steering process is initiated by the occurrence of 
synchronism between clock output and the time recorded on 
the steering tape. Checks of parity between tape time indications 
and clock time output are made every second. It will be 
observed that steering the aerial is a fully automatic process, 
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control being vested solely in a steering tape and a dock. 
Indeed, it has been the practice to apply the steering tape to the 
mechanism an hour or so before the start of a communications' 
test and leave the steering process entirdy to the ma<^hin>> 

In more recent ej^eriments the receipt of p rimar y steering 
<kta from the U.S. A. has been dispensed with and the prepara¬ 
tion of steering tapes made d^hdent upon a knowledge of only 
the orbital elements of a satdlite. These orbital elements are 
expressed in terms of, for example, longitude of the a«Pi.r»^fr| g 
node, angle of inclination of the orbital plane to that of the 
equator, length of the semi-major axis, eccentricity, argument 
of perigee and time of perigee passage. 

The application of suitable programmes to the National- 
^ott 803 computer permits of the generation of steering tapes 
in the same form as before. 



Figure 3, Photograph of the aeriaUsteering console 


Feedback Control Systems for Azimuth and Elevation 

Independent but similar feedback control (servo) systems 
are provided for the azimuth and elevation motions. In accord¬ 
ance with normd practice, these receive information on the 
demanded position (i.e., the aerial position required or 
desired), ^d include means for determining the ‘actual* position 
of the aerial; an error signal representing the difference between 
the actual and demanded positions is derived and actuates the 
power ^ive. The overall pointing accuracy required makes it 
almost inevitable that the demanded position should be specified 
and the actual position should be measured in digital rather 
than analogue terms. 

Actual azimuth and elevation are measured by means of 
optical shaft angle encoders, which are of 16 bit resolution, 
i. e., the element is 2-i«rev. = 19-77 sec of arc. Demanded 
azimuth and elevation are correspondingly presented in digital 
form to the nearest rev., and the demanded and actual 
quantities ^e subtracted to give digital error signals. The latter 
pass to digital-analogue converters and thence to Ward-Leonard 
machine systems to control the final driving motors. 

Specification of Demanded Position 

Information on the demanded azimuth and elevation is, as 
already mentioned, presented to the control system by means 
of a punched paper tape prepared in advance. However, to 
provide a substantially continuous error signal in the control 
loops already discussed, the error is determined every 1/50 sec, 
and the full demanded position (in digital form to the nearest 
2 rev.) is therefore required every 1/50 sec. It would be quite 
impracticable to convey the full information required, 50 
times per second, by means of paper tape. Consequently, the 
necessary information is carried by the tape in a condensed 
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form (see Figure 4) and some data processing, of a simple kind, 
is carried out in real time between the tape reader and the 
inputs to the control loops. 

Economy in tape is effected by punching on the tape incre¬ 
ments of angles rather than complete angles* No material 
inaccuracy will result if the aerial moves with constant angular 
velocities (i.e., if azimuth and elevation change linearly with 
time) over any period of 1/5 sec but, of course, the velocity must 
be changed from one such period to another. Linear operation 
over 1/5 sec is realized by punching once on the tape the incre¬ 
ments of azimuth and elevation for 1/50 sec and by adding these, 
ten times at intervals of 1/50 sec, to cumulative values which are 
held in digital stores. The main content of the tape therefore 


comprises increments of azimuth and elevation pertaining to 
successive periods of 1/5 sec. The full azimuth and elevation are 
however specified on the tape every second so that automatic 
control can be started at any integral second and the content 
of the store can be completely rewritten every second to avoid 
persistence of any error that may occur. These arrangements 
lend themselves to 1 sec groups of data on the tape and to a 
1 sec cycle of events in the real-time data processing. 

The real-time system includes a facility for adding to the 
azimuth and elevation prescribed on the tape small angles 
representing corrections that can be demanded by the operator; 
while the demand remains unchanged the same quantities will 
be added to each presentation of the demanded position, so 



CYCLE START SIGNAL 
HOURS 


MINS 

SECONDS 


TIME 


Ct-,) 


SECONDS 


DEMANDED AZIMUTH POSITION FOR TIME t 


DEMANDED ELEVATION FOR TIME t 

SPARE 

DATA 

DATA (^SLANT RANGE) 

INCREMENTS OF AZIMUTH TO GIVE 
POSITIONS UP TO + SECONDS 

INCREMENTS UP TO (^t f ) SECONDS 

INCREMENTS UP TO + SECONDS 

INCREMENTS UP TO C^ + f^ SECONDS 

INCREMENTS UP TO C ^ 0 SECONDS 


SIMILAR INCREMENTS FOR ELEVATION 


TAPE IDENTIFICATION CODE 
CYCLE START SIGNAL 

PAPER TAPE 


Figure 4» Layout of data on the steering tape 
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that the aerial will track with a fixed offset from the tr^yectory 
demanded by the tape. The same facility is applied in a slightly 
different way when the aerial is to be steered from the console 
by an operator, no tape ffien being in use; for this purpose 
quantities preset by controls on the console are added repeatedly 
to the cumulative demanded azimuth and elevation, so that 
the aerial tracks at constant velocity. 

Tfaning 

The timing of operations in the control system is based on 
a distal clock which indicates Universal Time No. 2. The rate 
of this dock is determined by a temperature-controlled quartz 
mystal oscilktor, which enables it to run for at least 12 days 
without gaining or losing more than 1 msec. Resetting to actual 
time is carried out when necessary with reference to Rugby 
(MSIO time signals, means being available to offset the dock 
from the tiine signals by a few milliseconds to take account of 
the known time of transmission of radio signals from Rugby to 
the station, and of the offset between the MSF signalfi and U.T. 
on which information is published. 

In addition to the numerical information already 
each 1 sec group on the tape includes signals defining time in 
hours, minutes and seconds. 

In the time-scale of interest, the process of reading informa¬ 
tion from the tape takes rather a long time. The data pertaining 
to each second are therefore read during fibe preceding second, 
tod held in digital stores until required. The timing of operations 
is controlled on a second-by-second basis by comparing the time 
read from the tape and held in store with the indication of the 
digital clock. 

Error Cmrection 

In the foregoing paragraphs consideration has been given 
mainly to what mi^t be termed the ‘ideal case’; that is, it has 
beat assumed that the medianical axis of the reflector and the 
electrical beam axis are coincident. In practice, there are modest 
departures due mainly to small errors in the orbital elements. 
These departures can be measured and corrections applied. 

Departures from axis coincidaice can be measured if the 
satellite ^ts a beacon signal to indicate its position. The aerial 
under discussion is equipped with means whereby, without 
moving &e reflector, the axis of the radio beam may be made 
to scan in both conical and spiral form around its mean or 
neutral position; that is, it may be made to seek the direction 
of maximum intensify of a satellite beacon signal. Differences 
between the reflector mechanical axis and the radio direction 
to a sa^te are presented as oscilloscope displays. From 
observation of the displayed material over, say, a few seconds, 
the operator can make a judgment of the optimum degree of 
offsets that should be applied to the reflector steering instruc¬ 
tions; these are signalled direetty to the operator at the aerial¬ 
steering console. 

The brain of the operator at the beam swinging console is 
being used as an enormously complex computer—one. able to 
make judgment on the basis of variable data presented over a 
considerable interval of time—^but investigations are in 
to determine if his function can, vnthout serious degradation of 
performance, be transferred to an electronic computer operating 
in real time. 


A further current study is aimed towards removal of steering 
tape instructions once a satellite beacon signal is acquired and 
putting the servo loops under the control of a diaracteristic 
(amplitude or phase) of the received beacon signal. 

Specified Performance 

The r^uired range of angular velocity in both a^imii th and 
devation is from Ve" to 1207 min and the maximum acceleration 
is l‘33®/sec*. The accuracy of the servo S 3 'stem from receipt of 
analogue control signals to the output shafts of the motors is 
required to be not worse than 2 min of arc at 607min. Accunwy 
of shaft angle encoders must not be worse than 20 sec of arc 
while the accuracy of the control system from the tape reader 
to the output from the digital-analogue converter must not be 
worse than 45 sec of arc. 

The requirements mentioned above have to be met when 
the aerial is operating imder full-load conditions and under 
climatic extrmnes. They are necessary in order that a beam¬ 
pointing error of not more than some 4 to 6 min of arc can be 
attained even at wind velocities up to 65 m.p.h. 

Some Details of the Aodal-Stemlng Console 

A gmieral view of the console is shown in Figure 3. Figures 5, 
(a), (b) and (c) show details of the three principal panels. At the 
time the photographs were taken the aerial was inactive while 
awaiting the n«ct appearance of the satellite; number displays 
are therefore random and do not eshibit the dose agreement 
that exists between the upper and lower elements of a pair when 
a satellite is being tracked. The functions of the prindpal displays 
and controls shown in Figure 5 are tTiHi<-.at"d 


The Control Equipment 

Attention is now directed towards some details of the auto- 
matic digital equipment. 

Fube Generating Equipment 

The input to the pulse generating equipment is an accurate 
2 kc/sec sinusoidal waveform generated by the oscillator 
mentioned earlier. After a shaping network there is a series of 
dividers; the outputs of these are combined as required to 
produce all of the timing signals used throughout the digital 
network. 

Tape-reading Equipment 

Two high-speed tape readers are operated in series, the first 
acting ^ a buffer for the second and ensuring that there is no 
snatching that would result in reading errors. A control signal 
starts the tape and, after data appropriate to 1 sec has been read, 
^e^tape stops. In normal operation, therefore, the tape proceeds 
in ‘start-stop’ sequence. The control signal is given not only 
when there is coincidence between ‘tape time’ and ‘actual time^ 
but also when (a) coincidence is lost for 1 sec, e.g., in the event 
of a faulty indication of ‘tape time’, and {b) on switching from 
manual to automatic control. 

One tape ftack provides for synchronization; the other four 
supply data digits which, through gates, are routed to stores. 
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Figure 5 (a). Details of the aerial-steering console 

Demanded position Control clock time Demanded position 

El. Degrees and minutes Hours, minutes and seconds Az. degrees and minutes 
Actual position Tape time Actual position 

El. degrees and minutes Hours, minutes and seconds Az. degrees and minutes 
El. error in nunutes Wind speed. Wind direction Az. error in minutes: 
Auto/manual Emergency stop Safety 

control switch interlock switch 



Figure 5 (b). Details of the aerialsteering console 


Elevation position 
degrees 

Telephone and 
speaker circuit 

controls Condit. indicator 
lamps 


El. drive Applied correction 

volts BI. degrees and min. 

El. drive Demanded correction 

amps El. degrees and min. 

El. drive speed El. override correction 
degrees/minute applied 



Figure 5 (c)» Details of the aerialsteering console 


Applied correction Az. drive 

Az. degrees and minutes volts 
Demanded correction Az, drive 

Az. degrees and minutes amps 
Az. override correct. Az. drive speed 
applied degrees/minute 


Azimuth position Tape identification 
. degrees code 

Condition Loudspeaker 

indicator lamps 

Condition of 
safety interlocks 


Arithmetic Unit 

From the stores, information on demanded angle is applied 
to the arithmetic unit. Correction signals in serial form are also 
applied. 

When steering manually, the actual angle of the aerial is 


treated as an initial demanded angle. The manual control 
provides a signal in the form of increments to be added 50 
times per sec and so produces uniform velocity of movement. 

It is thought to be unnecessary to describe the arithmetic 
unit in any detail. Like the rest of the digital equipment it uses 
resistor-transistor circuits and comprises multi-digit shift 
registers and serial addition-subtraction elements. 

Limiting 

Limiting is effected between the comparator and the digital- 
to-analogue converter; this in order that the latter may have 
a reasonable dynamic range and prevent excessive demands on 
following equipments should a defect arise in the control loop 
or, through error, an excessive demand step be initiated. 

Digital-to-analogue Converter 

The limited signal is applied to a converter with an output 
r^ge of ± 5 V about + 5 V. The output signal is applied to 
a servo amplifier for the control of a Ward-Leonard set and 
shaft driving mechanism. 

Shaft Encoder 

This is of 16 bit Gray-code type and the amplified output is 
transmitted from the aerial site to the control centre. There the 
16 parallel digits are converted to binary form and used to feed 
information into the arithmetic (error) apparatus and for the 
display of actual angle. 

Correction Control 

The correction control at the steering console sets an 8 bit 
Gray fine-encoder and also, through a gearbox, a binary encoder 
with leading and lagging contacts. The fine-encoder is followed 
by a Gray-to-binary converter and the whole complex produces 
a 10 digit number which may be fed to the arithmetic unit. 

Displays 

It is outside the scope of this paper to detail how the visual 
display of angular information is effected. However, it may be 
of interest that displays using digital display lamps are provided 
as follows: 

(0 Demanded azimuth angle as recorded on the steering tape. 
Derived from a 17 digit binary number converted into degrees 
and minutes in the range ± 250® and displayed once every second. 

ifi) Demanded elevation angle as recorded on the steering 
tape. As for (i), the range being 0® to 100®. 

(///) Azimuth and elevation corrections. 10 digit binary 
numbers are converted into degrees and minutes up to a maxi¬ 
mum of 5° and displayed once every half second. 

(fv) Actual azimuth and elevation. Digital data is taken from 
the Gray-to-binary converters associated with the shaft encoders 
and displayed at 1 sec intervals. 

Performance Recorder 

It will be appreciated that analysis of transmission data 
obtained in the course of the passage of a satellite requires, 
among other factors, a precise record of the bearing of the 
aerial with time. The digital equipment therefore includes 
facilities for recording on punched paper tape: (a) the identity 
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code of the steering tape; (b) time in hours, minutes and seconds; 
(c) demanded angles; (d) error magnitudes; (e) applied correc¬ 
tions. 

These qimntities are pimched once every second. Additional 
data, e.g., signal transmission parameters, converted to digital 
form can also be recorded if required. 

Conclusion 

The techniques described in this paper have been found to 
be satisfactory in all respects. They have permitted the steering 


of a large microwave aerial to be accomplished with an accuracy 
estimated as close to 2 min of arc. 

Grateful acknowledgment is made to the Engineer-in-Chief of 
the British Post Office for permission to make use of the material 
used in the preparation of this paper. It is also desired to express 
sincere thanks to E. C. H. Seaman and C. F. Davidson for as¬ 
sistance and valuable comments. The Consulting Engineers respon¬ 
sible for aerial design were Husband & Co.; the design and con¬ 
struction of the digital equipment was by Whitworth Gloster Air¬ 
craft Ltd. 


DISCUSSION 


R. G. Wheeler, A.E.I. MIC, 121, Westminster Road, Davyhulme, 
Urmston, Lancashire, England 

Reading the paper there seems to be no indication of any problems 
with the closed-loop position control. I would like to know whether 
Mr. Taylor could give an indication of the order of the lower resonant 
frequencies of the structure and whether any possible side-effects of 
the chain drive were investigated. 

Assuming that a chain drive is satisfactory, would it not have 
been better to have used a twin or even three motor drives to reduce 
eccentric torques? 


F. J. D. Taylor, in reply 

We have had no problems with the closed-loop position control. 

It is regretted that we have no information on the complex resonant 
frequencies of the structure. As has been mentioned, the structure 
IS an extremely stiff one and resonant frequencies are high and of 
small amplitude. 

The only side-effects’ that we have noticed as a result of using 
chain drive is that there is a small hysteresis effect of some 2 to 3 min 
of arc when changing over from clockwise to anticlockwise rotation. 

The chain drive is completely satisfactory. Could not multiple 
drive have resulted in irregularities of torque ? 

J. C. Lozier, Bell Telephone LaboratorieSy Whippany, NJ,y U,S.A, 

(1) In your presentation you indicate that the antenna has now been 
niade to autotrack on error signals derived from a mechanical scanning 
of the feed horn. Could you give us some of the dynamic characteristics 
of this control loop? 

(2) The antenna structure you describe is a very interesting one. 
Could you show us the transfer characteristics of this structure? What 


is the primary resonant frequency of the system in azimuth and in 
elevation? What is the effective Q of each of these resonances? 

(3) Goonhilly Downs is a notoriously windy place, so you have 
had an ex<^llent opportunity to study a large antenna under severe 
wind conditions. It would be very interesting to know more of your 
experiences in this respect. Have you measured the dynamic reactions 
of the control system to wind gusts? Have you any experimental 
information on the amplitude and frequency spectrum of the wind 
torques on the antenna? 


F. J. D. Taylor, in reply 

The earth station at Goonhilly Downs was designed and constructed 
within a year and completed less than a week before the date of launch 
of the Telstar I satellite. It has since been in use continuously for tests 
with the various Telstar and Relay satellites. These factors have made 
It impossible for us to undertake detailed study of the dynamic 
characteristics of the aerial structure itself. We do know that they 
are satisfactory because, in spite of the fact that the aerial radiation 
pattern (main lobe) has a width of only some 10 min of arc to the 3 dB 
points, the aerial has operated satisfactorily under even the highest 
wind stresses so far experienced at GoonhiUy; some 60 knots with a 
high gust factor. 

As has been mentioned, the aerial is an extremely stiff structure; 
the resonant frequencies are high and of very small amplitude. 

Under conditions of extremely high wind the azimuth and elevation 
shaft encoders show a ‘shudder’ of less than 1 min of arc; it is, of 
course, recognized that they may not represent beam deflection conse¬ 
quent upon reflector profile distortion which, however, in the light 
of experience, is certainly less than 3 min of arc; were it greater than 
this the effect on communication tests would be most noticeable. 

It is hoped that, when opportunity permits, it will be possible 
to carry out the dynamic studies mentioned in the questions. 
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Summaiy 

This paper is devoted to a discussion of the effect of parameter 
variations in a 210 ft. radio telescope with a view to obtaining certain 
limits of servo performance. Owing to a low mechanical resonance 
and the need for small velocity errors it is shown that certain stabilizing 
terms are more acceptable than others. A block diagram of the com¬ 
plete mechanical and electrical system, as applied to the analogue 
computer, is shown. 

Comparison of the performance between two schemes is given 
from the point of view of step inputs. Curves are plotted illustrating 
the damping effect of coulomb friction with varying amounts of 
backlash. Frequency response curves of aerial error are given for 
various wind frequencies and from a power density spectrum of 
typical wind conditions, a graphical integration is performed to obtain 
the transient errors under gusty conditions. 

The effect of various negative slope friction characteristics are 
tabulated and discussed. Limiting parameters of the system are given 
to obtain a specified performance. 

Results pbtained from site test on the bolted construction on trial 
erection in Germany and the final welded construction in Australia 
are compared with those of the analysis. 

Sommaire 

Cette communication s’occupe d’une discussion de I’influence de 
variations des param^tres sur un radio-t616scope de 64 metres, dans 
rintention d’6tablir des tolerances exactes pour le fonctionnement du 
servomecanisme. II est constate que certains termes stabilisants sont 
plus acceptables que d’autres, k cause d’une resonance mecanique peu 
eievee et de la necessite de farbles erreurs de vitesse. Un schema 
fonctionnel represente Fensemble mecanique et eiectrique dans son 
application k la calculatrice analogique. 

En ce qui concerne entrees sous forme d’echelon on fait une 
comparaison des performances de deux systemes divers. Des courbes 
sont tracees pour montrer Fefifet amortisseur du frottement solide, 
avec des degres divers de jeu. Des courbes de reponse frequentfelles k 
partir des erreurs d’antenne sont donhees en fonction des diverses 
frequences de vent. Une integration graphique est effectuee d’un 
spectre de density de puissance de conditions de vent typiques, pour 
obtenir les erreurs transitoires qui se produisent sous des conditions 
de vent instables. 

Les effets des caract6ristiques de frottement diverses k gradient 
n^gatif sont classifies et discutes. On donne des parametres limiteurs 
du systeme, parmi lesquels on obtient la performance spedfiee. 

Les resultats que Ton a obtenu au cours des essais faits k pied 
d’auvre sur la construction boulonnee d’essai en Allemagne, et sur 
la construction soudee definitive en Australie, sont confrontes avec 
ceux de I’analyse. 

Zusammenfassung 

Der Aufsatz behandelt den EinfiuB von Parametertinderungen eines 
64-m-Radioteleskops, um bestimmte Grenzen fiir die Nachlaufregel- 
einrichtung zu erh^ten. 

Wie gezeigt wird, haben infolge der niedrigen mechanischen 
Resonanz und der erforderlichen mbglichst geringen Geschwindigkeits- 
abweichungen gewisse stabilisierende Glieder mehr EinfiuB als andere. 
Ein Blockschema der gesamten mechanischen und elektrischen Anlage 
zur Berechnung am Analogrechner ist dargestellt. 


Vergleich zwischen zwei Ausfuhrungsformen geschieht auf Grund 
der t)bergangsfunktion (Sprungantwort). Aufgezeichnete Kurven 
zeigen die Dfimpfungswirkung der Coulombschen Reibung bei ver- 
anderlichem toten Gang. 

Frequenzgangkurven des Antennenfehlers bei verschiedenen 
Windgeschwindigkeiten werden angegeben. Mit Hilfe eines Leistungs- 
dichtespektrums fur typische Windverhdltnisse wird eine graphische 
Integration durchgefiihrt, um die bei bdigen WindverhSltnissen ent- 
stehenden Fehler des Ubergangsverhaltens festzustellen. 

Die Einflusse von verschiedenen Reibungskenniinien mit negativer 
Steigung gehen aus einer Zusammenfassung hervor. Parameter- 
begrenzungen des Systems sind angegeben, um ein gewtinschtes Ver- 
halten zu erzielen. 

Die Prufergebnisse, die sich sowohl bei dem zusammengeschraub- 
ten Probeaufbau in Deutschland als auch bei der geschweiBten End- 
konstruktion in Australien ergaben, werden mit den analytischen 
Ergebnissen verglichen. 


Introduction 

The basic problem in designing the Commonwealth Scientific 
and Industrial Research Organization radio telescope was to 
produce an extremely high static stiffness, with good response to 
wind disturbances. The philosophy adopted in the structural 
design was to make the altazimuth mounting compact and 
rigid, the rigidity being sufficient to ensure that deflections 
caused by the maximum operational wind loads were well 
within specification with the drive system locked. 

From the control aspect, because of the very low acceleration 
duty, it was decided to deal with the wind problem by increasing 
the effective inertia of the system to the maximum extent 
compatible with required slewing speeds, the telescope thus 
becoming a low pass filter to wind gusts. This method of deding 
with the problem also enabled the bandwidth of the servo to be 
narrowed, such that mechanical resonances were excluded 
completely. 

Some special features were suggested after initial examination 
of the problem, i. e. roller drives in azimuth and a biased motion 
in altitude to eliminate backlash, and these were immediately 
incorporated into the design. Computer studies were then 
undertaken by Associated Electrical Industries Limited to 
determine whether the system would enable positional errors 
when tracking, and also errors due to wind disturbances, to be 
maintained within the specified limits. To illustrate the problems 
involved, the azimuth motion only is being dealt with in detail, 
the altitude motion being very similar. Results, however, will 
be given for both motions. 

The Basic System and Requirements 

In order to understand the physical arrangements of the 
telescope, a simplified sketch of the system is given in Figure L 
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Froin this sketch the position of tiie enor detecting &nd master 
equatorial units can be seen, the latter is mounted at the inter¬ 
section of the azimuth and altitude axis, and supported by a 
concrete pillar passing through the concrete tower underneath. 
This enables the dish position to be picked off accurately, elimi¬ 
nating the structural movemmit which would otherwise cause de¬ 
flections on any measiuring device fastened to the structure itself. 



Figure 1 


The following parameters were given by the consultants: 
Azimuth 

Dish inertia 0-68 x 10® lb. ft./sec* 

Turntable inertia 0*47 X 10^ lb. ft./sec® 

Turret stifBness 1-3 x 10^® lb. ft./rad 

Turret damping 1*9 x 10® lb. ft. sec/rad 

Wind torque at 20 m.p.h. 270 tons ft. = 6*05 x 10® lb. ft. 

Wind torque at 10 m.p.h. 67 tons ft. = 1-51 X 10® lb. ft. 

Gearbox stifihess 5*32 x lO^® lb. ft./rad 

Altitude 

Inertia of turret 0*1 x 10® lb. ft./sec® 

Inertia of dish 0*5 X 10® lb. ft./sec® 

Turret structural stifihess 3-6 X 10^® lb. ft./rad 

Structural damping 1-3 x 10® lb. ft./rad/sec 

Steady wind torque at 10 m.p.h. 107 tons ft. 

Steady wind torque at 20 m.p.h. 430 tons ft. 

Maximum counterweight torque 1,320 tons ft. 


Driving Motors 

The d.c. motors were chosen such that the maximiim speed 
of &e motor corresponds approximately to the maximum ve¬ 
locity of the aerial, i.e. 257min. Using a standard A.E.I. 
servomotor of maximum speed 2,100 rev/min, this corresponds 
to a gear ratio of 30,000: 

1. Two motors capable of producing the peak torque give 
an effective referred inertia of 5-6 x 10® lb. ftsec^ with gears 
and brakes. 



Gearbox stifihess 9 X 10*® lb. ft./rad 

The pointing error is defined as the error between the normal 
to the master equatorial mirror and the axis of the error detector. 
The tentative specification required by C.S.I.R.O. for control 
accuracy was that the pointing error was to be not greater than 
6 sec of arc in winds of average velocity of 10 m.p.h. with gusts 
uptol5m.p.h., or 12sec of arc in winds up to 20m.p.h. with 
gusts up to 30m.p.h. These errors can be resolved into equal 
azimuth and altitude components of: JE/yfl This performance 
is required when tracking at sidereal rates and when scanning 
at ten times , this value. 


However, the effective mechanical stiffness was determined 
by the requirement to keep the deflections under maximum wind 
conditions to approximately 12 sec of arc. Hence ISTij = 0*98 
X 10“ lb. ft./rad. From this figure the gearbox mechanical 
stiffness of 5-32 x lO^® lb. ft./rad was obtained as shown in the 
diagram and the lowest resonance becomes 12*8 rad/sec. 

The backlash figure as measured at the load was initigiiy 
chosen from practical experience to be approximately equal to 
the full torque load error of the servo. However, this is one of 
the factors varied in the computer study and its effect can be 
illustrated. The torque to overcome rolling friction was given as 
200 tons ft. 
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Undamped Natural Frequency 

In order to initiate the design and establish fundamentals, 
the system was first of all considered as the basic arrangement 
shown in Figure 3{a). 

The undamped natural frequency, from the parameters given 
above, is obviously determined by the wind and friction torques 
and not the acceleration torque. By consideration of the wind 
forces applied to the dish plus friction, the static stiffness is 

^ load torque 
error 

for a 4 sec error in a 10 m.p.h. wind, this is 3-09 X 10^® lb. ft./ 
rad. The undamped natural frequency then becomes: 

0 ) 0 = ^ - ^-^ =6*9 rad/sec 

To prevent servo excitation of the lowest mechanical 
resonance of 12-6 rad/sec, the undamped natural frequency 
must be considerably reduced, preferably 2 or 3 octaves below. 

The Bode diagram in Figure 4 shows the basic preferred 
requirement of the torque/error characteristic where 12 dB 
asymptote crosses the 0 dB line at approximately 2*5 rad/sec. 
The mechanical resonance has been assumed to have a rather 
pessimistic damping factor of 0*05. 




(b) 


Velocity FB 


^ ♦ K 




K., P 



1.pT, 



(C) 

Figure 3 



Rotary Amplifiers 

The next consideration is the rotary amplifier stage. Here 
must be borne in mind the almost certain use of feedbacks from 
tacho or motor and the consequent loop stability. The machine 
set must have a bandwidth of at least 5 rad/sec to cover the 
required servo response. 

In order to use a standard A.E.I. servo amplifier of 12 W 
output, a machine set was selected to give the required power 
amplification for peak current and voltage compatible with 
continuous rating. These standard sets consist of a multi-lag 
combination of crossfield and separately excited generators with 
overall current feedback to operate file machines as current 
amplifiers. They have a closed-loop transfer function of the form: 

/o_ KsKe 

(see Figure id). The machine set selected had a bandwidth of 
46 rad/sec. 

Whilst this might seem a faster machine set than necessary, 
it was, as a standard unit, economically the better proposition. 
The closed-loop response of the machine, seen also on Figure 4, 
has been derived from the Nichols chart. Figure 5. 

Reduction of Undamped Natural Frequency 

As mentioned previously, it is required to prevent servo 
excitation of the lowest mechanical resonance and, in order to 
do so, the present undamped natural frequency must be lowered 
to approximately 2*5 rad/sec. 

This should preferably be done by increasing the value of 
inertia /, as a reduction of K^Km would interfere with the 
required static accuracy of the system. 

The use of transient velocity feedback will effectively 
increase the motor inertia and at the same time produce no 
velocity errors. It can be shown that by feeding back a signal 
proportional to output velocity via a lead network with a 
transfer function Kj^F/Q. + PT^\ an increase in inertia of 
J (1 -h G) is obtained at frequencies below the break point 
defined by w = 1/T^ where G equals the transient velocity loop 
gain and Ty is the network time constant [see Figure 3(b)], 
Hence, the lower break point has to be greater than 12*6 rad/sec 
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Figure 5 


(the lowest mechanical resonance) giving equal to 79 msec 
and G equal to 6*6. 

The system as shown in Figure 16 was set up on an analogue 
computer with the exception of the backlash and coulomb 
friction. It was found that the transient feedback loop in this con¬ 
dition was unstable, as illustrated also in Figure 5, This feedback 
is equivalent to a lagging feedback over the machine set whose 
stability is limited by a certain value of GjT^, 

In order to achieve the loop gain of 6*6 with stability, it was 
found on the computer that must be at least 260 msec, this 
having a lower break frequency of 3-8 rad/sec. Hence it appeared 
that this was not a satisfactory method of suppressing the 
mechanical resonance of 12-0 rad/sec. 

The above loop response of the system with and without 
transient feedback is shown in Figure 6. It can be seen that there 
is only a slight reduction in amplitude at the resonant frequency. 
A number of transient responses were taken of the system and 
are shown in Figure 7. Figures 7(e) and 7(f) show the feedback 
loop becoming unstable after G/T^ has exceeded a certain value. 
None of the responses is satisfactory. 

By using current feedback from the motor armature stability 
of the feedback loop could have been maintained. Its use. 


however, under load disturbance conditions, was to be avoided 
owing to the positive feedback effect decreasing the effective 
inertia under motoring conditions. 

Amplitude dB 
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(a) 



(c) 
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secs 
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Figure 7 


system steady-state gain then becomes 6*4 x 10^® (see Figure 8) 
In order to optimize the system, the following parameters can 
be varied: 

(0 time constants of the phase lag network; 

(//) loop gain; 

{iii) time constant of the transient velocity feedback. 

This system was optimized on the computer by examining the 
error responses for a ramp function. The resultant responses are 
shown in Figure 9 and the measured results are given in Table L 
(A similar exercise was done for a 20:1 phase lag network, 
keeping the gain the same.) 



Altematiye Approach 

It has already been seen that to stabilize the system satis¬ 
factorily and eliminate the mechanical resonance, the loop gain 
must be reduced, as satisfactory damping cannot be achieved by 
the addition of a transient velocity feedback. 

The alternative available is either to reduce or increase 
J by adding a flywheel to the motor shaft. One method of 
reducing is to introduce a dominant lag into the error loop. 
This method is particularly attractive as it also reduces errors 
due to load torque. 

In the Appendix, the equations for (1) a system using 
transient velocity; and (2) a system using a phase lag circuit, are 
derived. It shows that the two systems are identical from 
stability considerations and that for the two to be identical 



0 5 

secs 

(c) 


0 5 

Secs 

(d) 


1 

1- 

L ics j- 



Figure 9 
Table 1 


If Km and Kq are constants, and and Ki^ are variable, then 
(Kia) < (Kib). If the ratio of KiaIKib is a, then to obtain 
identical responses the gain of system (2) must be 1/oc, This 
means that, as the errors due to wind torque are load torque/ 
KiKm, the steady-state wind errors are reduced and hence 
system (2) is to be preferred. This immediately suggests a 
different approach to the problem, i.e. use transient velocity 
feedback with its small velocity errors and a phase lag network 
to obtain the high gain in the steady-state condition. These 
advantages are obtained at the expense of a longer tail of the 
transient' response, but since one requires high steady-state 
accuracy, this could well be satisfactory so far as the system is 
concerned. The gain is therefore reduced by a factor of 5 to 
make KiKm equal to 6*4 x 10® lb. ft. rad/sec, which in turn 
reduces sufficiently the undamped natural frequency. After 
adding a phase lag network of 10:1 attenuation ratio, the 



Network 

Transient 

error 

Steady-state 

error 

Settling 

time 

2*5°/min ramp 

10:1 

26 sec of arc 

1-8 sec of arc 

3 sec 


20:1 

50 sec of arc 

1-8 sec of arc 

4 sec 

270 tons/ft. step 

10:1 

22 sec of arc 

1*9 sec of arc 

— 

of torque 

20:1 

37 sec of arc 

1-9 sec of arc 

• — 


The following were the optimum parameters for the 10:1 

network: ^ , 

Azimuth Altitude 


D. C. gain K^Km 


Phase lag network 


64 • 10^° lb.ft./rad 2-9 • 10“ lb.ft./rad 

1+66P 1+2-lP 

1+66P H-5-2P 
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Transient velocity = 6 

feedback loop gain G 

P P 

Transient velocity = -—- 

feedback network 1 +1*7 P 1 + 0*2 P 


Performance under Gusty Wind Conditions 

For the above system it has been seen that the steady-state 
error is 1 *9 sec of arc in a 20 m. p. h. wind. However, this gave no 
indication of the errors to be obtained under gusty wind condi¬ 
tions. Information from a series of tests carried out by Prof. 
R. H. Sherlock in America was converted into a power density 
spectrum by Professor Westcott of Imperial College, London. 
The curve given in Figure 10 was obtained for a mean wind 
torque of 270 tons/ft. 



<0 rad sec 


Figure 10 



The R. M. S. error due to random gustiness may be calculated 
from: 

where G {(o) is the power density of the wind. 

F (ft>) is a pure ratio of dish displacement to the d. c. displace¬ 
ment at 270 tons/ft. for the frequencies of interest. This was 
obtained by a frequency response of the dish to wind torques 
and is shown in Figure 77. 

The integration was performed manually and the square root 
taken. This delivered the R. M. S. value of torque for the random 
gustiness above and below the mean. Dividing by the system 
gain KJCm, the error was thus obtained. 

The following results were recorded: 


Phase lag 
attenuation 

Structural damping 0*1 

Structural damping ~ 0 

10:1 

R.M.S. error 4*3 sec of arc 

R.M.S. error 5*3 sec of arc 

20:1 

R.M.S. error 9*6 sec of arc 

R.M.S. error 10*6sec of arc 

Overali Errors 


Total errors obtained are thus friction + velocity lag + steady 
wind torque + wind gusts. 

The worst condition obviously being when scanning at 2*5®/min. 


Phase lag attenuation 

Errors (arc sec) 

10 m.p.h. wind 20 m.p.h. wind 


10:1 

20:1 

10:1 

20:1 

Velocity lag at 2*5®/min 

1*8 

1*8 

1*8 

1*8 

Steady wind torque 

0*46 

0*46 

1*9 

1*9 

Gust of wind 

1*3 

2*6 

5*3 

10*6 

Rolling friction = 200 tons/ft. 

1-45 

1*45 

1*45 

1*45 

Total errors (arc sec) 

5-0 

6*3 

10*5 

15*8 


From the above table it can be seen that results of both 10:1 
and 20:1 phase lag systems are just outside the allowable errors 
of 4-2 and 8*5 sec for a 10 and 20 m.p.h. wind respectively. The 
most outstanding errors are obviously due to gusty winds. One 
way to reduce these errors is to increase the motor inertia and 
amplifier gain in the same proportion. In order to bring the total 
pointing errors well within the specification, both motor inertia 
and amplifier gain would have to he increased by a factor of 
two. This would not afiect the stability problem. This course 
was not adopted, as the customer’s reassessment of his overall 
problem enabled a wider motion specification of 10*5 sec mean 
error, plus 10*5 sec R.M.S. in a 20 m.p.h. wind to be used. 


Maximum Velocity Errors 

When the telescope is tracking or scanning, the mayininm 
velocity of the azimuth drive always occurs with the altitude 
motion near zenith. This is given by: 


oosE 


where P^ = dish velocity in azimuth, D = declination angle, 
E = elevation angle, and V = sidereal input velocity. Thus, for 
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maximum velocity of 2-57min at 5® from the zenith, i.e. when 
E = 85® and at liie worst corresponding declination of — 29®, 
Pq = 25®/mm. Although this means a proportionate increase in 
velocity lag, i.e. x 10, the increase in velocity lag error is 
however exactly cancelled by the reduced contribution of actual 
azimuth error to total pointing error, i.e. reduced by cos 85®, 
i.e. Ea'x co^E where Ea actual azimuth error, Eq = 
azimuth resolved component of total pointing error. 




Figure 13 


Backlash and Coulomb Friction 

Under the heading ‘Mechanical Resonances’ it was stated 
that backlash figures were chosen by experience, but as yet no 
backlash or coulomb friction has been included in the computer 
study. 

In order to get some idea of the relationship between backlash 
and coulomb friction, and to determine whether the damping 
was adequate, the amount of coulomb friction necessary to 
prevent the system from oscillating subsequent to an input ramp 


of 2®/min was plotted for backlash values up to 48 sec of arc, 
with structural damping figures of 0 and 0* 1. Figure 12 shows the 
results obtained from the computer. Transient responses are 
shown in Figure 13 for the final system when 12 sec of arc 
backlash and 200 tons/ft. coulomb friction are included. 

It will be realized that there is a possibility of oscillation in 
the case of high wind gusts where the wind is opposing friction 
and is of approximately the same magnitude, as it is highly 
unlikely that the backlash figure for zero coulomb friction 
would be achieved, i.e. 1-25 sec of arc. The magnitude of the 
resultant oscillation would be roughly proportional to the mag¬ 
nitude of the backlash. 

A minimum of 67 tons/ft. friction was recommended for 
backlash up to 15 sec of arc although 200 tons/ft. was expected. 



Friction 

torque 



Vc 


Velocity 



(b) 


Figure 14 

Lags in Phase-sensirive Rectifier 

The phase-sensitive rectifier filter has a transfer function 
1/(1 + PTi) » (which is necessary to remove the ripple); this 
was included in the finalized system, and for n equal to 1 and 2 
the value of 7i was increased until its effect was just noticeable. 

By optimizing the time constant in each case to obtain good 
stability, it was found that the maximum allowable time constant 
was 160 msec. This gives a 10 per cent increase in transient error. 
It was therefore decided that 160 msec should be the maximum 
total lag in the static amplifier chain. 


Negative Friction 

In view of the fact that the telescope was expected to operate 
chiefly at creep speeds, it was anticipated that this might require 
the telescope to operate in the negative part on the friction 
characteristic as shown in Figure 14(a), 

An idealized negative slope characteristic as shown in 
Figure 14(b) was included on the computer, such that and Vc 
could be varied and its effect noted. Tf remained constant at 
200tons/ft. As a result, four modes of behaviour were discovered 
(s^ Figure 15). 
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Figure 15 



It can be seen that only the modulating servo natural fre¬ 
quency causes servo errors, and this could probably be cured by 
using a velocity feedback from the rollers. However, the high 
frequency at the turret, although not causing servo errors is 
undesirable. 

To eliminate this problem electrically via the servo motors 
would mean a servo bandwidth of 62-8 rad/sec and a cor¬ 
responding large increase in peak torques to obtain the necessary 
amplitude at the turntable. The only reasonable solution, in fact, 
seems to be to apply a damping torque equal to {T, - Tf) at a 
velocity To do this, an extremely stiff gearbox would have to 
be used. 

The possibility of such a negative friction characteristic 
existing would only be discovered at the trial erection. 


Conditions 

Mode of behaviour 

(1) Input velocity—small 

Modulated high frequency at turret 
and low frequency at aerial 
h.f. = 62-8 rad/sec 
l.f. Modulation 3 rad/sec (servo 
natural frequency) 

(2) Input velocity—half 

High frequency at turret only 

(3) Input velocity—equal 

As (1), but superimposed on constant 

to Kc 

velocity 

(4) Fc—small 

Low frequency only 


A table of maximum aerial errors for 3 values of is given 
. below: 


Trial Erection 

The telescope was complete with the exception of the dish 
and master equatorial unit, the latter being simulated by a 
mechanical measuring unit produced by A.E.I. The same servo 
equipment was used in azimuth and altitude. 

Test showed: 

(1) No negative stiction friction characteristics. 

(2) Coulomb friction without weight of dish to be 44-5 tons/ft. 
Backlash: 5 sec of arc referred to load. 

(3) It was possible to control the telescope in both motions with 
the required servo gain. 

The transient velocity feedback loop was unstable at 36 rad/ 
sec (very little time was available to check the cause of this). 



Figure 16{a) 
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Wind torque 



Two possibilities existed: 

(1) Machine set stabilizing transformer wrongly set. 

(2) Additional backlash between motor and tacho. The transient 
velocity loop was replaced by using transient motor voltage 
feedback which included the velocity term plus a stabilizing 
current term. 


Appendix 

Refer to Figure i(c). 

For the transient velocity case Tg and -*^12 — 

where — motor back e.m.f. and Jfl2 = direct velocity 
feedback constant. 


Commissioning 

Site commissioning in Australia confirmed all the previous 
findings with the exception of the 36 rad/sec oscillation of the 
velocity feedback loofi. This was no longer present and could 
not be traced. 

Coulomb friction figures were 60 tons/ft. in azimuth and 


160 tons/ft. in altitude. 

Final settings were: 

Azimuth Altitude 

Main loop gain 5*2 x 10^°lb.ft./rad 4*9 x 10^ ^ lb.ft./rad 
Velocity loop gain 6 6 

Transient feedback P P 

network 1 + lOP T+IP 

Phaselag 1+iP 1+3P 

H-33P H-33P 


It will be noted that in the altitude motion it has been 
possible to work at approximately twice the loop gain of the 
study with good damping. This was almost certainly due to 
the increase in value of coulomb friction. 

In azimuth this was also possible at any particular altitude 
angle, but owing to the fact that azimuth loop gain varied with 
altitude angle, a sm^er loop gain was accepted with consequent 
variation of damping at the extremes. Test records of the 
performance are given in Figure 17. 


pe_ K,K„ 
E 


i+pr. 


iCs ^ ^ ^ JT,p-^ 


if 


and 


then 


(T«+r»)=r,+ 


Xs • Ks 






JT, 


PO 

E 


l+PT^ 


Ks ii+PTJil+PT,) 

For velocity feedback plus phase lag Kji — 0. 

pe K^Km _ (l+aPTs) 


(H-Pr8)(l + 


PJ 




;) 


( 1 ) 


( 2 ) 
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. Bgure 17(a) 


Nomendature 

E Total system pointing error 

J Total system inertia 

Total machine set gain constant 
JSTi Static amplifier gain constant 
FFo Undamped natural frequency of system 
G Loop gain of transient velocity feedback 
Metadyne and generator constant 
Armature circuit conductance (motor + output generator) 
Current feedback constant in machine set 
JTg Velocity feedback constant due to motor back e.m.f 
Gearbox stiffness 
JTio Aerial turret stiflfoess 
JSTii Transient velocity feedback constant 
Kx 2 Direct velocity feedback constant 
JSTia Effective stiffness of telescope 
u Number of P.S.R. filter stages 
Time constant of P.S.R. filter 
7*2 Time constant of metadyne input 
7^8 Time constant of metadyne first stage 
7^4 Time constant of output generator field circuit 
TJj Time constant of motor armature circuit 

Time constant of stabilizing transformer feedback 



Figure 17(b) 


Time constant of transient velocity feedback network 
Tg Time constant of phase lag network 
a Attenuation ratio of phase lag network 
/<, Generator set output current 
li Generator set input current 
Jjbf Motor inertia 
/jj Turntable roller inertia 
Jl Dish inertia 

Input position demand 
Motor position 
Oji Turntable position 
0Xf Aerial dish position 
e Position error of dish, Gj-Si 
iSTy Motor torque constant 
Gearbox damping 
Dio Aerial turret damping 
Tm Motor torque 

Wind torque applied to aerial dish 
7^ Static friction torque 
Rolling firiction torque 
Torque transmitted by the gearbox 
Tjsj, Torque transmitted by the turret 
p d/dr 

All inertias, stiffnesses, torques, etc. are referred to the load. 


DISCUSSION 


G. Lind, A. D. Bofors^ Bofors, Sweden 

I want to ask a question concerning one detail only, namely the choice 
of the servo actuator for the antenna. Does not the author find it 
dangerous to use a commutating electrical machine close to a very 
sensitive radio telescope receiver?. 


R. G. Wheeler, in reply 

Great care was taken to eliminate radio interference. (1) All d.c. 
machines had tuned filters designed into the ventilation covers. (2) All 
machines were encosed in steel cylinders. (3) Special mesh screening 
material was used on all control cubicles: (4) All cables were kept short 
and screened. Finally, all equipment whs placed behind the dish so 
that virtually no radio noise was picked up by the dish. 
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Dynamical Model for Fine Pointing Attitude Control 
of the Orbiting Astronomical Observatory* 

R.E. ROBERSON 


Summary 

For the Orbiting Astronomical Observatory in its fine pointing mode, 
where extreme pointing accuracy is required, a number of compli¬ 
cating effects can be entirely neglected. These include the non-linear, 
time-variable, controlled-element dynamics, intermode coupling, 
external disturbances which are functions of orientation, residual 
internal angular momentum and reaction wheel misalignment. Thus 
the control system, and by inference a broad class of accurate systems, 
can be designed and analysed on the basis of a simple linear constant 
coefficient uncoupled dynamical model. 

Sommaire 

Pour le satellite dit Orbiting Astronomical Observatory il est possible, 
lorsqu’il execute des vis6es de precision exigeant une grande finesse de 
pointage, de n6gliger entidrement nombre d’effets complexes. II 
s’agit en particulier de la dynamique des organes k commande non- 
lin6aire d6pendant du temps, du couplage inter-modes, des perturba¬ 
tions ext6rieures fonction de I’orientation, du moment cin^tique in¬ 
terne r^siduel et du d^faut d’alignement de la roue k ruction. II en 
r&ulte que le systtoe de commande peut Stre confu et 6tudi6 en se 
fondant sur un simple module dynamique exempt de couplage, dont 
les Equations sont lindaires avec des coefficients inddpendants du 
temps. II en est de m8me, par extension, de toute une classe de systemes 
de precision. 

Zusammenfassung 

Ftir den Vorgang der Feineinstellung eines astronomischen Beobach- 
tungssatelliten, der extreme Einstellgenauigkeiten verlangt, kann man 
eine Anzahl von Einflussen, welche die Untersuchung erschv^eren, ver- 
nachlSssigen. Hierzu zahlen das nichtlineare, zeitveranderliche dyna- 
mische Verhalten der geregelten Gr5Be, die gegenseitige Beeinflussung 
der Vorgange (Kopplung), die fiuBeren Stdrungen (sie sind Funktionen 
der Orientierung), das restliche interne Brehmoment und die Fehlein- 
stellungen der Stabilisierungsrfider (reaction wheels). Somit lassen 
sich Regelungssysteme und daher auch eine grofie Zahl von genauen 
Systemen mit Hilfe eines einfachen lineaxen entkoppelten dynamischen 
Modelles mit konstantem Koeffizienten entwerfen und untersuchen. 


Introduction 

During the period of fine stabilization for the gathering of 
precise astronomical data, when attitude is to be held within 
0*1 arc sec, attitude control of the Orbiting Astronomical 
Observatory is by means of fine reaction wheels operating from 
sensor information supplied by the experimenter’s equipment 
and processed by a piecewise linear controller. It would be very 
desirable to be able to represent this control process by a simple 

♦ This analysis was done for the Grumman Aircraft Engineering 
Corporation as a part of their NASA-supported work on the Orbiting' 
Astronomical Observatory. Publication is with the kind permission of 
Grumman and NASA. 


dynamical model. If it can be reduced to a set of three linear, 
constant coefficient, single input-single output, independent 
(i.e. uncoupled) subsystems, full advantage can be taken of the 
large existing body of techniques for the synthesis and per¬ 
formance analysis of this class of control devices. 

It is known that a complete attitude control system description 
is not so simple. It generally involves non-linear and time- 
variable controlled element dynamics, intermode coupling, 
external disturbances depending both on time and orientation, 
and other factors which complicate the dynamical model. In 
addition, there are error sources such as residual internal angular 
momentum, wheel misalignments, and sensor quantization and 
noise. So if a simplified model is to be obtained, one must 
ignore all such troublesome effects. It seems particularly 
dangerous to do this in such an accurate system without ample 
justification for each simplification. 

The purpose of this paper is to show that the desired simpli¬ 
fications in the dynamical model are legitimate. The complicating 
factors are examined one by one and the importance of each to 
the system model is assessed. It is shown that in the presence of 
the high gains necessary to assure the basic specification accuracy 
of the system, the growth of system error from aU neglected and 
potentially d^gerous terms can be completely disregarded. The 
only error of consequence is that of the sensor itself. Hence a 
simple and convenient linear dynamical model can be used and 
the idealizations assumed in controller design and control 
parameter selection are permissible ones. It is shown, specifically, 
that: (a) the complete system can be considered to consist of 
three independent modes, each with one degree of freedom; 
(b) the attitude error an^e in each mode is simply the sensor 
angular error in that mode plus the time integral of the torque 
applied to that mode, the magnitude of the latter divided by the 
gain constant of the loop. [Symbolically, this is described by 
eqn (12).] A slightly more accurate description retains the time 
constant of the reaction wheel motor as shown in eqn (14). In 
either case, the form of the result is very simple, and focuses 
directly on the only significant parameters of the problem. 

The Complete. Model 

Let Xi, be a set of ri^t-hand orthogonal reference axes 
whose orientation is fixed in inertial space, Xi, along the line of 
sight to be observed in the Orbiting Astronomical Observatory 
(OAO) experiment. The remaining axes can be disposed in any 
convenient manner, e.g. in the plane of the equator. Let Xi, 
X 2 i JTs be a set of similar axes rigidly embedded in the vehicle 
frame, origin at the composite centre of mass of the vehicle and 

along the astronomical telescope axis. When the attitude 
control is perfect, Xi s Xi (i = 1, 2, 3). Wlien there are attitude 
deviations of the body axes from tiie reference axes, define 
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deviation angles 02 > ^3 by a succession of three rotations of 
the frame into the frame as follows (see Figure 1 ): 

(a) First rotation of jcj, Xg, ^3 through about jcg into x^, x^'; 

(b) Second rotation of a:/, <^ 3 ' through 0^ about X 2 into Xi\ 

X 2 \ Xq'; 

(c) Third rotation of j:/', x^", x^* through B^ about at/' into A\, 

Let Aij be the components of the direction cosine matrix 
relating the frames according to Xi = Ai^x^. (The summation 
convention for repeated indices is used.) The A components can 
be derived, as required, from Figure L 

Since the angular velocity of the Xi frame is zero, that of the 
Xi frame is 

0)=(^1 — ^3 sin ^2) -^1+(^2 cos 01 + 03 sin 0 ^ cos 02) X2 

+(“ 02 sin 01 + 03 cos 01 cos 02 ) X^ s coiX^ ( 1 ) 

(The same symbol is used for an axis and the unit vector along 
that axis.) 


In plane of equator 
Xo 



Figure L Rotation angles relating body axes X^^ X^, X^ 
to space reference JCj, x^, x^ 


Denote by the components of the inertia dyadic of the 
vehicle and all of its internal parts, resolved in the body frame. 
Body axes (control axes) are not necessarily principal axes, so 
that Kij is not assumed diagonal. Let the total extra an gular 
momentum of all_internal parts relative to the frame be 
^nd let L = L{X( represent the total external torque 
on the vehicle. 

It has been shown^ that the input-output relationships for the 
controlled element dynamics are the three scalar differential 
equations 

Kij<bj J^ijCOj+Siji^KkpCOjCDp 

+tit+eijk(ajH^=Lt (i=l,2,3) (2) 

The Cfrt are the usual ‘epsilon-symbols’ of tensor analysis. 

Detailed torque studies are beyond the scope of this work, 
but one must know the torque structure and have some feel for 
typical numerical values to be expected. In eqn (1) it is shown 
that a general form is 

Li—Lio (O+L;j(t)0^H-... 

where the LiQ are pure external torques independent of vehicle 
orientation, and the Li^ are effectively ‘spring constants’ against 


the external torque, an outstanding example being the familiar 
gravity gradient effect. These ‘springs’ may be either stabilizing 
or destabilizing. In the above equation, higher order dependence 
on the dependent variables is ignored. 

Grumman has shown by numerical studies that and 
are generally periodic in time with a fundamental frequency 
equal to orbital angular frequency, cdq, having a constant 
component and strong first and second harmonics. For present 
purposes it is general enough to use 

L/o = ho + sin (cOot—cp ^), Lu = + AL^ (t) ( 3 ) 

where /^q, 1 ^ are constants and ALij is the variable part of the 
spring constant after splitting out the mean value. Note that one 
excitation frequency suffices: after the response is found in 
terms of cdq, this parameter can be allowed to range over all 
harmonic frequencies using corresponding amplitudes. Since the 
model to be justified is linear, the total response is additive. 

Typically, for this application the magnitudes of both and 
Ti may be assumed to be of the order of 1,000 dyn-cm, and 
actually should be within about a factor of two of this. In at least 
one case for which numerical data are available the constant 
part of the spring constant (i.e. 1 ^) appears to be of the order of 
± 10 dyn-cm/mr, but it is difficult to determine the periodic 
structure with any accuracy. 

Control is achieved by making in eqn ( 2 ) some suitable 
function of the measured attitude deviation angles. In simplifying 
the model the same parameter values are assumed for each mode 
(roll, pitch and yaw), but once the model is established it is 
simple to permit differences in the three channels. Let 
9i = di + /idi be the observed values of with A 0 { the sensor 
error. The values 82 and dg are obtained in the fine pointing 
mode from the primary telescope while comes from a set 
of star trackers. 

The internal angular momentum may contain components 
from sources other than reaction wheels but, if so, it is assumed 
to be constant (e.g. gyro angular momentum). Represent this 
part by A<o. Let hi (t) be the angular momentum from the control 
wheel along the fth axis and denote by fy (/ 56 J) a set of small 
misalignment an^es for these wheel axes. Thus each H. has the 
form 

—f>io+ht+Y, (4) 

In making subsequent numerical estimates, it is presumed that 
A<o ^ 10^ g cmVsec. 

It is not the purpose here to develop or to justify a particular 
control law relating ht to 8 j, but to make use of the functional 
relationship already chosen for this controller. It is of a straight¬ 
forward linear type, in which the sensor signal is fed through a 
lead-lag network and the resulting error signal applied to a 
motor-^iven reaction wheel. The reaction wheel for each mode 
has an input only from the attitude error in that mode; there is no 
intermode cross-feed. The transfer function which will be used is 




Bi=Gis)8i 


(5) 


Any initial condition is to be absorbed into ha, in eqn (4). Here 
Tj, Tj are network time constants and t„, (> t^, Tj) is the motor 
time constant, while JIT is the control gain. 


530 



DYNAMICAL MODEL FOR FINE POINTING ATTITUDE CONTROL OF THE ORBITING ASTRONOMICAL OBSERVATORY 


The results given above can be collected into a general 
dynamical model of the system* It has the form, in terms of 
Laplace transforms 

(^) ~ ^0 (s) +/e (^) (6) 

where the B matrix elements are 

By= Ky + Stj^h^s -(tj+sG (s) (7i j)} 

and 

fi ^i )+^ijkKo 0j^j) 

-sG(s)[J0,+ £Cv^0,.] 

J*i 

-a,j,(Oj(srGism,„+ E C,„)(B„+Aej (8) 

with 


The goal of this analysis is to show that for the general case 
described by eqns (6)-(9), an adequate simplified system model is 

sGqBi^Liq^sGqAOi ( 12 ) 

all other terms in both Bij and fi having a negligible effect. 

These effects are divided into two classes: Class 1, those 
entering through 3^; Class 2, those entering through The 
former can be studied using simple linear constant-coefficient 
differential equations and establishing bounds on the response. 
The second class is amenable to iterative procedures, much like 
the construction of a solution by Picard iteration but confining 
attention to the asymptotic behaviour and ignoring fine structure. 
Note that the effects to be investigated are deterministic: 
stochastic behaviour arises only in the sensor error, and the 
major term in which this appears is retained explicitly in eqn (12). 
It is felt sufficient to confine the investigation of Class 2 effects 
to second order terms in 0^. The detailed analysis of both classes 
is given in Appendices I and 11. 

Results and Condusions 


Here di^ is the Kronecker delta, JS? denotes the operation of the 
Laplace transform from the time domain to the complex 
s domain its inverse), and * represents the complex 

convolution [i.e. fi(s) is the transform of the product 


Rationale of Analysis 


In order to appreciate the implications of the control law 
and to identify significant parameters, consider a simple special 
case. Assume body axes are principal axes (Ki^ = 0 for i j), 
inertias are constant, all second order and error terms are 
neglected (fi = 0), all = 0, as are the Ca and kj. Then 
eqn (6) reduces to three independent equations, each of the 
form (not summed on i) 


0,(s)= 


1 


jO 


[Kus+G(s)ls^ 


cooT,cos<Pi TjSmipt 
s(s^+<»o) S^ + £Oo_ 


( 10 ) 


The transient response from the zeros of Kus + G (s) die out 
quickly. By dementary Laplace transform methods, Ihe asymp¬ 
totic response from the poles of the torque driving term is (to 
within coeflScient errors in the trigonometric terms of the order 
of 10-*) 




(Tz + Tm-Ti -^ii/Go) sin (cooX + cpd (li) 

where Gq==G (0) == Typical parameter values for the 
OAO are Ku « 1-36 x 10^® g cm^ (their maximum difference 
being about 20 per cent of this), (i ^ j) 1*36 x 10® g cm®, 
ri = 10sec,r2 = lsec,r^ = 200sec.AvalueofJ5r = 2*.25 X 10® 
dyn-cm/arc sec, giving Gq 10^® dyn-cm sec/rad, assures that 
the system stays within 0*1 arc sec for 1 h in response to disturb¬ 
ance liQ — 10® dyn cm. The linear term in eqn (11) is then domi¬ 
nant. Also Kh/Gq » 10“® <C T^, so the result would be changed 
insignificantly if Ka were to be omitted entirely, Eqn (11) 
emphasizes that control is strictly at the velocity level, so that a 
linear growth of error results from a constant torque. 


The numerical results for the approximation errors contained 
in Appendices I and II are summarized in Tables 1 and 2, To 
within these errors, for parameter values typical of the present 
OAO system, one can replace the full set of equations for vehicle 
angular error [eqns (8)-(10)] by the much simpler, almost trivial 
set written as eqn (13). The block diagram corresponding to the 
latter is that of an elementary open-loop system as shown in 
Figure 2, The total error in the approximation is less than 0-01 arc 

sec = 0*1 0 maac. 

Sensor error 


^io 

External 

torque 



0i 


Figure 2. Simplest system representation 


Table 1. Bounds on Class 1 errors 


Source and magnitude 

Boimds 

Spring torques 1^ ^ 10^ dyn cm/rad 

0*01 0mn,x 

Internal angular momentum /z^o ^ 10’ g cm^/sec 

4X 10~^^ 0max 

Principal moments = l*36x 10^® g cm® 

10-‘ 

Products of inertia = 0*1 

6 X10”*^® 

Wheel misalignments ^ lO”® 

0*02 0ni.ax 

Time constants Ti = 10 sec, tg = 1 sec, = 200 sec 

0*04 0niax 


Table 2. Bounds in Class 2 error driving terms 


Term 

Bound (^ ^ 1 h) 

hik ^km 

KiiO 

--sGis)^iiAdi 

““^lik ^km "1“ A 0^:) 

^j(^ *G{s) (0ft| + A 0^,) 

1*5 X 10-“ 

10“^ 0max 

2 X 10”^® ®max 
(assumed absent) 

{ALii max /2L^o) 1^“® ^max 

3 X 10""® 0max 

2 X 10 ^ 0ma3c 

2 X 10”“^^ 0max 
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One can remove the largest errors in the approximation and 
reduce error bounds to the order of 0-03 0mta by using slightly 
more sophisticated equations. They still permit a decoupling of 
modes, but incorporate the motor transfer function rather than 
merely Gj. effectively replacing l/iTr^s in F/^ure 2 by (1 + r^)/ 
Kt^s. The equations themselves are 


It suffices to give a few examples, the other terms being 
comparable and easily derived; 

C ll 2 2 

11=5 «11 
Ci2 —5 ^11^12 


rRJ^o0*(s)=Ao(s)-j^God0,(s) (13) 


Appendix I—Oass 1 Effects 
General 


Consider eqn (6) with/^ = 0; Let be the cofactor (signed 
mmor) of 3^ and B = det Then 


(14) 

The character of the response depends mainly on the quotient 
bjilB, the exact form of (s) not being of major consequence 
at this point. 

The first step is to show that the effects of spring torques are 
mcra^quential for realistic parameter values: the solution for 
/« =4= 0 IS effectively that for fy = 0. The treatment must be 
gener^ enough to encompass cases of instability, i.e. zeros of 

j half-plane, since the spring torques may be 

destabilizing or stabilizing. 


Spring Torque EjSTects 

Exainine.Bygivenbyeqn(7)anddefine.fyby5y = sAu - L. 

Denote by ay the cofactor of An. It is straightforward to show 
tnat 

•® ^^U^2J^3k + ^lJ2jA3k + -^U^2jhd 

+ ^^tJk(hii2J^3k+htA2jl3k + Aul2jl3ld-<ibt(ltj) (15) 

bji = 5 

~h+i,t+2Aj+2,i+i—lj+2,t+iAj+i i^.2)+cofaxitotIji (16) 

where in the last equation the subscripts arc to be read modulo 3. 
Now 

(17) 

where % = (bij/B) - (on/sA). The accuracy with which the 
bra^eted tune function is zero depends on bounds on the time 
tun^on ^ 1 One can write Rn as a. pow» series in 

sprmg torques as 

(18) 

and e^h term of the series can be analysed separately. The 
^nd-order terms are of the order of 10-» times the first order. 

does not nece^arily mean the corresponding time functions 
we in the same ratio, but in this case the general stracture of the 
mverse transform is comparable for second- and third-order 
teims md one can conclude (proving rigorously, if desired) that 
only the first-order terms need be considered. 


Cil=s\a2ia22-AA22) ^ 
Clf=s^ai 20 ii 

Ci2—S fli2 


(19) 


The major features of the behaviour are illustrated by these 
terms. 

With typical parameter values quoted previously, to an 
extremely high order of accuracy (coefficient errors less than 
about 10“") one can factor B into 




( 20 ) 


p:he case where any of the /« vanishes can be included, though 
it changes some details. It merely decreases the value of the zero 
by another factor of about 10~®.) 

Now consider 






1 

Lv jy 

^ sA ) 

'{S-l,Xs-l 2 Ks-k)j 


where 4* = bi/Oo « lO"®. By direct inversion of s^/(s — 4) 
(s — 4) (iS 4), it can be shown that the corresponding time 
function is d (t) (Dirac delta function) to within an additive 
quantity less than 3 /max exp (3 /maxt) where /max = max 
14» 4> 41* Thus the error in representing the inverse transform by 
d (t) does not exceed about 3 x lO""® for / ^ 1 h. At the same 
time, one recognizes that is simply the roll 

response to a roll torque: it can'be seen at once that it cannot 
exceed 1/2 x 10“® (0*1 arc sec) if specifications are to be met, 
and it is shown later to be approximated closely by 10”^® t The 
factor oSP-'i (ci^lnlsA) should be within a factor of 10 of this, 
since /^ is no more than this factor greater than the expected 
external torque. It follows that sg (f) ^ 1-5 X 10“® 0max 
where 0max is the specification value 0*1 arc sec. 

As one further example, consider the eJi (0 resulting from 
C|J. It can be written in the form 


(^) 

Much the same argument is followed as before. In order to 
establish bounds on such tetms as AizAsJiilsA, ohe nee^ the 
zeros of .,4. It can be shown that ^ can be factored into (if V+ 

(Jf' 22 S -|- G) H- G) with the JT« within about 2i per cent 

of the values of Kn. Each factor is a cubic which can be factored 
directly to find zeros very near s = — I/Tj, j = - 0*45 ± i 5-5. 
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By direct evaluation, 

I (0| = 1^ ■' Go/s (i :^3 S+G)| ^ 680 

jg 2 (oj = s+G)| l/2e-°-«' 

jg3 (Oj = SH- G)j ^ l/2e-°-« ‘ 

If ^4 (0 = lo^ ^2 0 “ ‘t) ^3 (/) dT, it follows that 

£680 X10"* f'o-25 iTe'” "” '|dt£ 10"‘ 

It is shown later that such factors as ai^LiJsA contribute less 
than 10~^ of the value of aiJLiJsA^ from which it can be estab¬ 
lished that other terms in (/) are down by this factor from the 
term just evaluated. That is, 

eli(0^3.6x 10-^0^ 


without causing an error greater than 10~’ arc sec. The para¬ 
meters Ti, Tg, do have some effect on these smaller terms, but 
even so, they can contribute no more than 8 x 10~® arc sec 
which can be ignored relative to OT arc sec. It can be established 
easily that although the estimates above have been based on a 
low frequency disturbance (at orbital rate), the conclusions are 
not changed if it is a high frequency vibration type disturbance 
instead. {Table 1 summarizes the errors.) 

In conclusion, there is negligible error in the response to 
constant or oscillatory external torques if in eqn (6) one simply 
sets Bii = sG^dii^ and the resulting angular error is just 

(25) 

The conclusions drawn from the analysis of Class 1 effects are 
not sensitive to changes in vehicle parameters or time constants 
(except insofar as affects Cq). The parameter of real importance 
is the effective gain parameter C® == Kr^, 


One can explore the remaining terms in eqn (18), but the 
above examples illustrate all of the important situations which 
arise. The only significant terms are the three in each channel 
having the form Cj}, so that the right-hand side of eqn (17) is 
bounded by 10“*^ ^max. It can therefore be considered equal to 
zero for the purpose of establishing the effect of spring terms at 
the OT arc sec level of accuracy. 


Other Class 1 Effects 

The implication of the analysis above is that 


0,(s)= 


ajiis) 

^(5) 


LjQ (s) 


(23) 


for practical purposes. Consider now the response to the specific 
torque structure postulated in eqn (3). The zeros of A (s) have 
been established to be far enough into the left half-plane that 
the transient response from them dies out within a few seconds, 
so that their behaviour is of no operational consequence. 
Therefore, only the portion of the response corresponding to the 
poles of jL^o W need be considered. It is easy to evaluate it 
directly, using the conventional partial fraction expsinsion. 
Introducing the matrix Zi^ whose diagonal elements are unity 
and off diagonal elements are — 


6i{t)~-Zij 




Tj cos ^j\ 
cDoGo J 


_J’., 

(oJoT+^;)( t„+T 2 - Ti) sin (woT+ <l>j) (24) 


Except for the presence of the constant matrix, eqn (24) 
gives the same result as the simple example leading to eqn (11) 
to within about one part in 10^. The effects of internal angular 
momentum and products of inertia terms do not show up at all 
at the level of accuracy of concern here. The presence of Cij from 
wheel misalignments merely means that an error in one channel 
can be carried into another, but it is attenuated by a factor of 
Cij « 10-*. Thus peak error from disregarding the remain 
less than 0*002 arc sec in each channel and one can simply put 
Zi^ — Finally, Ku does not show up at all in the dominant 
term of the response and contributes insignificantly to the 
smaller terms, so it can be omitted from the transfer function 


Appendix II—Class 2 Effects 


Consider the system 

sGo59,{s)=Ms) (26) 

where theft are given by eqn (8) and the portion of (0 result¬ 
ing fromTi is denoted dOt, the notation 0^ (0 being reserved for 
just the response to Lio {t). Clearly 

50,(0=-^ J Vi 0 dt (27) 

where the notation indicates the dependence of the/J (t) on the 
dependent variables themselves. Although the degree of ap¬ 
proximation of the result cannot be established a priori in 
general terms, the form of eqn (27) strongly suggests that since 
66 j <C 0i (conjectured at this point, and to be shown in the 
sequel) one can obtain an excellent measure of SOt simply from 

S0i(O=-^j/«[0j(O.t]d« (28) 

In particular, it should suffice to use, under the integral, just the 
asymptotic form of 0^ {t) given by eqn (25). 

The estimation can be illustrated by a few examples. Consider 
first the term —sG{s)Adi, which is in a somewhat different 
category from the others. A more precise model of the response 
to this term that can be obtained from eqn (26) is sG (s) 0i (s) 
= (s) Adi, so it is evident that the contribution to Oi {t) 

is simply A6i{t), unmodified by any system transfer charac¬ 
teristics. It follows that in order to get the same response in the 
simplified model the term — jG {s) At must be replaced in the 
equation by — j-Go^ 0^. This is the justification for the form of the 
sensor error driving term which apjpears in eqn (12). 

In the case of the term {dj — (bffi one can write the 
001 {t) contribution as 

69, (0 -■ ->i>| df 



K.,5je,9: 


K. 


13 




^ 1-5 X 10 "^ 



d<^1.5xlO-^30„„ 
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The next few terms of/^ can be analysed in the same way, to get 
the first entries in Table 2. In the case of - sG (s) one 
uses the fact that A6j ^ Omaxi or one cannot meet the specifica¬ 
tion in general, and also uses the more exact sG (s) 6i for the 
left-hand side of the equation as in the analysis of the - sG(s)A6i 
term above. 

The response to terms of the form coj*G + AdJ can 
be boimded by 

and similarly for the other terms of the same general type. 

Inspection of the table shows that aside from the sensor 
error which already has been split out, none of the terms in fi 
need be considered. 

Condusions 

In this approximation two-thirds of the residual errors are 
from wheel misalignments, which have been estimated liberally 
at 0*5®. The remaining third is from spring torque la. Sensor 
errors cannot be neglected in eqns (13) and (14), but are essen¬ 
tially unmodified by vehicle dynamics. 

The simplest closed loop representation of each mode is 
shown in Figure 3 with the motor transfer fimction as shown, or 


replaced simply by unity in the approximation represented by 
eqn (13). But to neither order of approximation does the moment 
of inertia ka have any effect on the result with presently envisioned 
gain constants. 



Figure 3, Representation of improved approximation 


All remaining error effects of both Class 1 and Class 2 are 
completely negligible. The conclusions are essentially independent 
of vehicle parameters, depending almost exclusively on the ratio 
of applied torque to effective gain constant. Thus, the same 
general conclusions will apply to any high accuracy attitude 
control S 3 ^tem for which Li^jG^ <C I. There has been no attempt 
in the present study to establish how inaccurately the attitude 
angles may be held without vitiating the approximations which 
have been made. 
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DISCUSSION 


R. Cannon, Stanford University^ U.S.A, 

Professor Roberson’s many early contributions to attitude control 
d 3 mamics are well known for their comprehensiveness and generality. 
It is thus especially pleasing now to have from him the present paper 
which considers a very particular mission in detail. 

The imssion chosen for analysis in this paper is of special interest 
because it represents an extreme in precision contemplated for space 
vehicle attitude control. The results presented vindicating rigorously 
the great simplification granted by analysis on a single axis basis are 
thus certainly of considerable value to those associated with the OAO. 

There are, in addition, quite a number of other scientific satellites 
contemplated for which the accuracy requirements are not so stringent 
(the orbiting solar observatory is an example). The next task is thus 
to establish the bounds for which the simplification applies (in varying 
degrees perhaps). If Dr. Roberson will thus generalize his work it will, 
I believe, be of considerably wider interest. 

It is implied in the paper that a steady external torque must lead 
to a continuously increasing error. I should like to ask whether this 
is not merely a property of the model the author has chosen, while in 
the actual system auxiliary equipment will bound the steady-state 
error. 


R. E. Roberson, in reply 

As to the first question, generalization does not seem possible to a 
significantly varied class of control 'systems, torques and accuracy 
specification. Within the present framework it is possible to investigate 
the effect of lower gain constant while keeping other characteristics 
about the same and it can be shown that a similar model simplification 
can be made even if the attitude errors are considerably greater than 
0-01 sec arc. However, I feel that the effects shown to be negligible 
here can be of definite importance when attitude errors become 
^eater than about 1 degree, and that a single axis model can some¬ 
times lead to grossly inaccurate conclusion in that case. 

In answer to the second question, the fine pointing mode error 
does indeed grow linearly with time (asymptotically) in response to 
constant torque. However, when the specification limit is exceeded 
a coai’se pointing mode becomes effective which has a different control 
law to limit further growth. 
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Basic Response Relations for Satellite Attitude Control 

Using Gyros* 

R. H. CANNON, Jr.f 


Summary 

General response relations are presented for space vehicle attitude 
control using gyros for momentum exchange. Then the relations are 
specialized for each of two classes of application: (1) fast (1 c/sec), 
precise (1 arc sec) control, and (2) semi-passive damping of the (slow) 
natural motions of a gravity-orientated satellite. Within class (1) the 
control arrangement depends upon whether high quality gyros are to 
be used. Gyro pairs are assumed for simplicity, and basic relations 
between physical and control parameters and system performance are 
presented. The two classes of gyro systems are compared with corre¬ 
sponding reaction wheel systems. 

Sommaire 

On pr6sentera les relations g6n6rales de r6ponse relatives k la com- 
mande de fattitude d’un v6hicule spatial k I’aide d’un syst^me utilisant 
des gyroscopes pour I’^change des moments. Ces relations seront 
ensuite particularis6es en vue de leur application k deux genres de 
commandes: (1) Commande rapide (1 Hz) et praise (1 arc-sec) et 
(2) Commande k amortissement semi-passif des mouvements naturels 
lents d’un satellite orient^ par gravity. 

Pour les commandes de la premiere catdgorie, la disposition du 
systfeme varie suivant que Ton recourt k des gyroscopes de haute 
quality ou non. Pour simplifier, on supposera qu’il y a des p^es de 
gyroscopes et Ton pr^sentera les relations fondamentales reliant les 
paramtoes physiques, les param^tres du syst^me de commande et les 
performances de ce dernier. Les deux cat6gories de commandes k 
gyroscopes seront compar6es avec les commandes correspondantes 
utilisant des roues k r6action- 

Zusammenfassung 

Dieser Aufsatz enthait allgemeine dynamische Beziehungen fiir die 
Lageregelung von Raumfahrzeugen, die Kreisel zum Auf bringen von 
Impulsen zur Stabilisierung verwenden. Dann werden die Beziehungen 
speziell auf die beiden Baile angewendet: 1. schnelle und prSzise 
Regelung (1 Hz, 1 Winkelsekunde) und 2. quasi-passive Dampfung 
der langsamen Eigenbewegungen bei schwerkraftorientierten Satelli- 
ten. Bei der erstgenannten Art hSngt die Reglerschaltung davon ab, ob 
Prazisionskreisel Verwendung finden. Zur Vereinfachung werden 
Kreiselpaare angenommen. Die grundlegenden ZusammenhSnge 
zwischen physikalischen und Regelgrdfien und den Systemeigen- 
schaften werden dargestellt. Die beiden Arten der mit &eisel aus- 
gerttsteten Systeme werden mit den entsprechenden, mit „Stabili- 
sierungsr5dem“ ausgcrUsteten Anordnungen verglichen. 


Introduction 

The role played by momentum exchange devices—such as reac¬ 
tion wheels, gyros, or a reaction sphere—^in. systems for con¬ 
trolling the attitude of space vehicles has been dealt with^ and 

* Based on research supported by a grant to Stanford University 
by the National Aeronautics and Space Administration,. 

t Professor of Aeronautics and Astronautics, Stanford University. 


some basic relations between physical parameters and system 
response developed for reaction wheel systems The purpose 
of the present paper is to present companion relations for 
systems employing single-axis gyros, and to compare the two 
methods of control. 

For illustration, two very different operational circumstances 
are considered; (1) fast, precise control to an inertial reference, 
and (2) semi-passive damping of the natural motions of a 
local-level satellite stabilized by gravity gradient. The first 
system has, typically, a natural period of a few seconds, while 
the period of the second system is of the order of the time for 
an orbit, e.g., IV 2 lo 

Gyros were used for vehicle torquing about 1899 by Brennan, 
and others, who stabilized monorail cars with them, A 1903 
British patent issued to Brennan describes a twin gyro arrange¬ 
ment. 

The concept of using gyros for momentum exchange in 
space vehicle control is described in a patent filed in 1936 by 
Goddard^. Some relations for control-moment-gyro stabilization 
of ballistic missiles were given by Johnson®. The general dynamic 
equations are summarized by Roberson®. The use of gyros in 
pairs (to provide momentum vector control precisely along a 
single axis) is proposed by Haeussermann’. 

The use of gyros for precision control to an inertial reference 
has been explored experimentally by two groups at Ames 
Research Centre during the past three years, with excellent 
results. One group, under J. S. White, has used gyros of inertial 
guidance quality in a special deployment which provides good 
decoupling of axes for small gyro motions. The special deploy¬ 
ment is due to S. Godet, and an analysis of its three-axis gyro¬ 
scopic coupling is given by Cannon®. These experiments were 
made on a three-axis gas-bearing table simulating the Orbiting 
Astronomical Observatory (OAO). The results of the work of 
White’s group, together with an analysis of their system, has 
been published®. 

Another group at Ames Research Centre, under J. R, Havill, 
has used non-£Loated gyros in pairs to control a three-axis Apollo 
simulator. (The gyro systems were made by Ling-Tempco- 
Vougbt and are dejscribed^®.) Gyro gimbal feedback was used 
to overcome gyro drift. These experimental results are also 
reported^®. In both the OAO and Apollo experiments precision 
control was achieved to between 0*1 and 1 arc sec, tising optical 
sensors, and system speed of response was between 0*1 and 
1 c/sec. Gas jet back-up was used. In the Apollo system the gyro 
pairs were also arranged in the Godet configuration, and it was 
found possible to remove power from a gyro spin motor and 
let it coast without disturbing control precision. 

The use of damped, single-axis gyros to furnish semi-passive 
damping in satellites which are gravity-gradient stabilized to 
the local vertical was suggested by Scptt^^ in November, I960, 
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and has also been considered for some time by members of the 
MIT Instrumentation Laboratory (see below). Scott’s con¬ 
figuration^ which has been, studied extensively at Lockheed, 
provides three-axis damping, using two gyros, one of which 
has its gimbal axis along the vehicle yaw axis, and another with 
its gimbal axis between the vehicle pitch and roll axes. 

Another, more symmetrical two-g 3 n-o system for damping 
is proposed by Burt^^. In this basic configuration the gimbal 
axes of both gyros are along the vehicle roll axis. The gyro spin 
axes are deployed by equal angles (e.g., 50°) one above and one 
below the vehicle pitch axis (which, in turn, coincides nominally 
with the orbit vector). The gyros are prevented from collapsing 
to Ae orbit vector by bias torques applied to their gimbals (via 
springs, or electrically). Changes in vehicle pitch velocity are 
damped by coimter rotation of the gyros, and roll-yaw motions 
are damped by joint rotation of the gyros as one. A three-axis 
model of this system is in operation at the Royal Aircraft Estab¬ 
lishment. 

A number of "Vee’ arrangements (including the possibility 
of using only one gyro for three-axis damping) are described, 
the general physical concepts involved in using gyros semi- 
passively to damp the natural motions of satellites is re¬ 
viewed^®* and studies of a number of configurations at MIT 
by DeLisle, Hildebrant, Ogletree, et a/.^® are reported. Additional 
studies are described by Kennedy^®* i’. 

In the present paper, in order to compare the extreme of 
precision control on the one hand, and simple damping of 
motions due to gravity gradient on the other, basic relations are 
presented for one system of each type, and comparisons are 
then made with reaction wheel systems. Specifically, a pair of 
gyros is presumed, for ease of analysis, and the general system 
response relations derived. Next, these relations are specialized 
for the two cases considered. A detailed outline is given at the 
end of the next section. 

^ The pr^ent paper is confined to single-axis behaviour. This 
is justified in the case of the precision, inertial-reference system 
by the almost total decoupling provided by the gyro pair (as 
•shown la^er), and it is justified for the local-level system by the 
fact that pitch motions do not couple into roll-yaw and, for 
small angle disturbances, roll-yaw motions do not couple 
into pitch. 


System Dynamic Equations: Single Axis* 

Figure 1 shows a jpace vehicle which is considered to move 
about its pitch axis (2 axis) only. Change in pitch attitude from 
the reference attitude is denoted by d. The vehicle contains 
a pair of_ single-axis gyros whose gimbals are free to move 
about the I axis of the vehicle, and the gyros are geared together 
so that their gimbals rotate through equal and opposite angles, 
Angle (j) is so defined that when the spin axes of the gyros point 
one along the 3 axis of the vehicle and the other along the - 3 
axis, (j) is 0. It is further assumed that the reference rotates at 
a constant angular velocity, n, about the 2 axis. 

Complete System 

The first equation of motion is obtained by considering the 
entire system (vehicle plus gyros), and writing Newton’s law 

♦ Three-axis dynamic equations for a vehicle with gyros are given®. 


in the vehicle coordinate system: 

( 1 ) 

in which Q is the angular velocity of the vehicle. The result is 

/20+2/j (^cos<^=L2-/2^|sin0cos0 (2) 

in which h is the spin angular momentum of one gyro, and 
is external disturbing torque. The last term is the torque due 
to gravity gradient. (4 is vehicle moment of inertia and cog is 
the vehicle natural frequency due to gravity gradient.) 



Gyros 

Next, consider each of the two gyros as a separate isolated 
system and find, from (1): 

[^+Oyro 2 1 = -(ft COS (0 + n) = r+ + (3 a) 

cog (d+ h) = T. + (3b) 

Equations (3a) and (3b) can be subtracted from one another 
to give (after dividing by 2) the dynamic equation for the pair 
of gyros: 

J^-(Acos<5&)((J+n)=r (4) 

in which 

TaI±zI:i 

2 

Torques T+ and T- are torques exerted between the vehicle 
and each of the gyro gimbals. Torque Tgear is the torque exerted 
between the gyro gimbals (i,e., the torque exerted by one gyro 
on the other). The latter cancels out in eqn (4) for the pair of 
gyros, so that T is simply the effective control torque applied 
to the pair of gyros by the control system. 

t H connotes the total derivative, dHIdt, and connotes the 
partial derivative, (hH1 50n«o» when the coordinate frame is con¬ 
sidered non-rotating. 
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Small Motions 

To facilitate studying the stability and small motion behaviour 
of the system in Figure i, consider small perturbations in motion 
about the condition that 5=0 and 0 = (|>. That is, let sin 5 = 0, 
and let (^ = <|) + 9 ? in which (|) is a constant, nominal gyro 
gimbal angle. Then the equations become linear, and can be 
Laplace transformed as follows (the subscript is dropped from L 
and/at this point): 

(S* + <lj|)e=y-^iy!is4>+sS(0) + ^(0) (5) 

( 6 ) 

in which 0,0, J2P, and ^ are the Laplace transforms of 5, % L, 
and T. 

Control 

The control torque, T, is made up of components and 
based on sensing of both 5 and 0, as well as a bias torque 
designed to cancel the gyroscopic torque A cos (|) in eqn ( 6 ), 
and an uncertainty torque 17, acting between the gyro gimbal 
and the vehicle: 

T=r,+T^+r, + t7 (7a) 

Control torque is intended to include physical spring and 
damping torques depending upon if such exist. 

Assume that both a rate gyro and an attitude sensor are 
employed and that integral control of 5 is included, giving the 
following expression for +: 

Te=(hcos^)lKD(6+y,)+Kee+Ktiedt'] (7b) 

is the drift rate of the rate gyro, if used. 

Assume also that, in general, both rate and position feedback 
may be used around the gyro gimbal angle. These may be 
electrical or mechanical (viscous damper and spring), or both. 
Then is given by: 

cos (|)) Ibip + /c<p] (7 c) 

Let the uncertainty torque on the gyro gimbals, C/, be a 
steady torque corresponding to an effective gyro drift rate 
ofy:U — (h cos <|)) y. 

The constant, h cos 0, is included here and in (7c) merely 
because it simplifies later expressions. When a gimbal spring is used, 
0 is assumed to be the spring null position. 


Response Functions 

From eqns (5), ( 6 ) and (7), the response functions for vehicle 
motion 5, and for gyro motion 93 , are: 


Eqn (8), (9) f 

in which 

cos^ (|) 

A- - 

which is a nutation frequency, as will be seen. 

Outline of Investigation 

Three specific systems have been selected, as tabulated in 
Table /, to illustrate two very different control situations which 
are of practical interest. The first two systems are for precision 
control to an inertial reference by (Al) semi-passivef means 
(no sensors or control loops), and (A2) active means using 
attitude sensing. The third system (B) is for furnishing damping 
to a vehicle which is gravity gradient stabilized to local level. 
This system is also semi-passive. 

For each system the general response function is obtained, 
and dynamic characteristics and respond to gyro drift, initial 
conditions, and disturbances dealt with. In addition to the 
systems shown in Table /, studies are also presented of the 
effects of a gimbal restoring spring, and the use of rate gyros 
in the control system. A typical power calculation is also given. 

Finally, the present results are compared with corresponding 
values for reaction-wheel systems. 

It should be stated that the present paper intends primarily 
to demonstrate basic response features and to compare systems. 
To this end a number of simplifying assumptions have been 
made, such as « = constant, identical gyros, perfect alignment, 
etc. For an analysis of system errors Ihese assumptions would 
have to be dropped. 

Behaviour of Precision System ControUed to an Inertial Reference 

First consider the situation that it is desired to control a 
space vehicle very precisely to an inertial reference, as is often 
the case for scientific satellites such as the Orbiting Astronomical 
Observatory. In some cases it is required that the vehicle attitude 
be maintained within 10 “® rad. 

t The term ‘semi-passive’, rather than ‘passive’, is commonly 
used because power will be involved in spinning the gyro wheel. 


* Eqn ( 8 ): f 2 , k+hnsm^\ 

Y+Ho)+se( 0 ) 

—[y—s (1+ 6 (0)+J 

V — 

(s^+<b|)| 


fcH-hn sin <|)^ 

j ) 


(l+i«C«)s+liC,+^ 



hcos^ 

j 

il+Ke)s+Kt+- 


y+ ^(O) + S0(O) 

h cos d) y 

-f-(l+lC<,)0(O)+KA 

_ J s 

(s^+co|)| 


b , fc+h/isini^ 

J J 


(l+Ki)s+Ko+^ 

s 



( 8 ) 


( 9 ) 
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For such missions attitude would be controlled by a com¬ 
bination of a momentum storage system, such as reaction 
wheels or control-moment gyros, backed up by a momentum 
expulsion system, such as gas jets^. Here one is only concerned 
with the use of the gyro system in Figure I for precision momen¬ 
tum storage, Md it is assumed that whenever gimbal angle (f> 
exceeds a set limit, momentum will be expelled from the vehicle- 
^ro system independently by the firing of a discrete gas jet 
impulse. (The ability of the control system to maintain attitude 
during such impulses may, in fact, constitute a key design 
problem.) 

For an inertially-orientated vehicle the angular velocity, n, of 
the reference system is 0 and gravity gradient acts as a disturb- 
Mce rather than a spring, so that co^ is 0. Also, for control to an 
inertial reference, the nominal value of ^ will commonly be 0 
(<j) = 0). These omissions simplify eqns (8) and (9) considerably. 


Semi-passive Control 


In a semi-passive system both the viscous damping and spring 
on the gyro gimbal are admitted, but there are no control 
feedbacks. Here the gimbal spring is also omitted. This simple 
system turns out to be quite attractive for short-term stabilization 
of vehicle attitude. More generally, it represents the situation 
that the attitude reference is temporarily lost. 

The effect of a gimbal spring is considered at the end of this 
section. 

With Ki, Kf, and Ki all equal to 0, eqns (8) and (9) are 
ftirther simplified as follows: 


^ y 0 ( 0)1 


II 

'l 

^+0(0) 

4 







Response to Initial Velocity^ or Impulsive Disturbances—I>}x- 
ring this and the succeeding sections consideration is given to 
behaviour when there is no mechanical spring: ^ = 0, and the 
response of the system to either an impulsive disturbance or an 
initial attitude rate is plotted in Figure 2, Transient oscillations 
are at approximately the nutation frequency, Ii ==\ 2hl]/7j. 
It is important to notice that vehicle attitude settles down to 
a steady offset angle, but no steady rate: in the case of an 
impulse disturbance, the momentum added to the vehicle by 
the impulse is finally absorbed entirely by a reorientation, qf (oo), 
of the gyro; while in the case of an initial vehicle angular 
velocity, all of the angular momentum of the vehicle is trans¬ 
ferred into the gyros. The gyro motions are larger, by h/JX » N/X, 
than the vehicle motions. (N is gyro spin speed.) Typically, 
JV/X « 1,000. 

The selection of parameters can be made on the basis of 
Figure 2, First, from the viewpoint of steady-state error, it is 
desirable to have bjJ as small as possible, but on the other hand, 
bjJ should be large enough to give acceptably good damping 
of the transient in Figure 2. A reasonable compromise might be 
to choose a damping ratio, C, of about 0*2. h is selected to make 
A represent a sufficiently fast speed of response, and a sufficiently 
tight steady-state control (Figure 2). A typical selection for X 
might be, for example, 1 rad/sec. Then the bjh ratio for the 
gyros is determined as: 

* Response from initial attitude is zero, for this system, because 
there is no attitude reference. That is if the vehicle is started in some 
arbitrary position 0(0) then (10) indicates that the response will be: 
0{t) = 0(0). 


Table 1 



1 System 


(A) Precision control to inertial reference 


Behaviour characteristic 

1. Semi-Passive 

k. 

2. Active (using attitude sensing) 

Syst. (flf): Guidance quality 
gyros 

(B) Damper for gravity-gradient 
stabilized vehicle 
(Semi-passive) 



Syst. (b ): Low-quality Gyros 
with gimbal feedback 


Specialization of system response 
functions, eqns (8) and (9) 

n = 0, Wj = 0, ^ =0 
jsr« = o,jsr9 = o,jir< = o 

See eqns (10), (11) 

« = 0, Wj = 0, (|) = 0 

Syst. (a) only: A: = 0, = 0 

Jtj = o,jEo = o. 1:^ = 0 

See eqns (19), (20) 

Dynamic characteristics 


Figure 3 

Figure 5 

Response to gyro drift 

0=y Eqns(13) 

d = ylK6 Eqn(15) 

0 = 0 

Response to initial velocity or 
impulsive disturbance 

Figure 2 

Figure 4 

Figure 6 

Response to low-frequency 
sinusoidal disturbance 

Eqns (15) 

Eqns (17) 

Figure 7 
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b _bl2J 
h ~hl2J 



( 12 ) 


Gyro Drift —^The steady-state response of the system due to 
a steady gyro drift rate, y, consists of a steady vehicle rate equal 
to the drift rate, and a constant gyro offset angle: 


d(oo)= —y 


(13a) 




El 

X X 


(13b) 


That is, the vehicle is slaved to follow the net drift rate of the 
gyros, so that very good gyros must be used if this method of 
holding attitude is to be acceptable in a precision system. Note 
that the angular momentum of the total system is unchanged 
by application of the (internal) uncertainty torque: id (oo) 
-\-2h(p (oo) = 0. 




Figure 2. Response of semi-passive precision system 
to initial velocity or impulsive disturbance 


Sinusoidal Disturbance—In the case of an inertially orientated, 
orbiting vehicle, a major source of disturbing torque is likely 
to be that due to gravity gradient, which varies sinusoidally as 
the vehicle travels around in its orbit. That is, the disturbing 
torque is X — sin (pft in which is due to gravity gradient: 

I, ~F“V h 

in which n is orbital rate, and (/i — /a)/^ has been taken as 0*33 
for illustration. Since the system model under study is linear, 
the vehicle and gyros will follow the disturbance at the same 
frequency. 

As a practical matter interest will be mostly in inputs which 
are at orbital frequency or small multiples thereof, so that (for 
the precision, fast systen^ under consideration) the approxima¬ 
tions may be made: cof ^ n X, cof bjJ. With these approx¬ 
imations, and the value of disturbance torque chosen in (14), 
the response of the system can be estimated: 

«--(x)ra=»o(T) 


=■ 3n^(0-33)=n^ 


(14) 


Typically, C = 0*2 and it is seen that, for example, to control 
6^ to 0*0004 rad (80 arc/sec) in this situation one will have to 
miake h large enough to make X « 1000 n. The corresponding 
excursion of the gyro gimbal, is given by 

<Pm = h/be^f^ 0^4 (15b) 

More generally, gyro precession must counter disturbance: 

2hq>^ (Of = Lra (15c) 

These numbers may be acceptable for the no-6-reference 
condition. If they are not, then h may be made larger and/or 
(/i —/g) made smaller, for example. 

Summarizing, A passive system consisting of a pair of lightly 
damped gyros (Jblh of order 0-001) can be made to give rather 
good precision attitude control for short periods of time, pro¬ 
vided the gyro drift rates are sufficiently low. System response to 
initial velocity or to an impulsive disturbance is given by 
Figure 2, The effect of gyro drift rate is given by eqns (13), and 
the response to low frequency sinusoidal disturbances is given 
by eqns (15). 

The Effect of a Gimbal Restoring Spring —One may be inter¬ 
ested in the effects of having a restoring spring on the gyro 
gimbals, first because one would like to see whether such a spring 
could be made to improve performance, and second because a 
spring restraint (e.g., due to gyro lead-in wires) may be present 
anyway, and its effects wished to be known. They are deduced 
from eqns (10) and (11), with k ^ 0. 

Indeed, the presence of a spring may greatly reduce the 
attitude drift of the vehicle produced by gyro drift. However, 
the response of the system with a spring present to an impulsive 
disturbance torque or to initial vehicle rate is now no longer 
bounded, but results in a continuing vehicle rate, given by 

V'^w) V'^WJ 

(The approximations assume kjJ > X\) That is, the system 
behaves almost as if it had no gyros aboard. Moreover, with a 
restoring spring the response of the system to a sinusoidal 
disturbance is given by 



which is poorer by a factor of about 1,000 (typically) than that 
of the non-spring system given by eqn (15 a), and would be 
imacceptable. Physically, in effect, the spring is keeping the gyros 
from doing the job of absorbing the impulse produced on the 
system by the sinusoidal disturbing torques, so that this impulse 
is absorbed instead by motions of the vehicle. Therefore, the 
spring torque in a passive-gyro precision control system would 
be kept as small as possible. 

Rate Gyro Control 

It may be that in certain situations it will be desirable to use 
a rate gyro to improve attitude control of a precision system 
during periods when the attitude reference is temporarily un-, 
available. The behaviour of such a system can be calculated 
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from eqns ( 8 ) and (9) (with Jf. = 0 and Ki = 0). It is found that 
the spe^ of response, steady-state error, and response to sinus¬ 
oidal disturbances are all better by the factor 1/(1 + than 
for the purely semi-passive system. is the gain of the rate 
g 5 TO control loop.) However, the penalty paid is that the vehicle 
will now drift at the rate, ^(oo) = J£;,y/so that the allowable 
rate gyro drift, is more stringent, by the factor K^, than the 
allowable control-moment gyro drift. 


Attitude Sensor Control 

When the vehicle is controUed to a sensed attitude reference 
&e system may utilize gains Kf, Kg, and JC,- in eqns ( 8 ) and ( 9 ). 
(71, CO 2 , and <j) arc still assumed zero,) 

A number of gain combinations lead to system d ynamic 
chara^nstics of interest. For purposes of iUustration, two which 
are fairly different and quite interesting are compared. 


System (a) 

A minimum of equipment is presumed by deleting the gyro 
spring term, k, and the integrating motor. A plot of the locus of 
roots of the characteristic equation for this system is given in 
F^ure 3 (a) as a function of Kf. Before constructing the locus, 
the rate gain, Kj, and damping constant, b, have been chosen 
to »ve the roots marked x when K, = 0 . TypicaUy, might 
first be chosen to make «, = A (1 + K^yi seven times as great 
as for the semi-passive system (i.e., = 48). Then b would be 



Flg:ure S. Dynamic characteristics of active precision 
control system using attitude sensing 


Mound the gyro gimbals>might be based on the fact that position 
finback around the gimbal is easier to achieve than clean 
diflferentiation of the 6 signal, or on the desire to avoid difficulties 
due to stiction in the gyro gimbals, or to avoid dependence on a 
low gyro drift rate (which is discussed below). Integral control 
is employed to prevent gyro drift or impulsive disturbances 
from producing a steady attitude error. In Figure 3(by the roots 
for Kg =0 are at the x’s at the same locations as in Figure 3(a) 
because b/2J and <u = A (1 + JQ -f- k/jyi have been made the 
same as h/ 2 / and m in System (n). In addition, there is another 
root at the origin (due to the integration). The ratio Kt/Kg 
has been held constant, at the small value represented by the O 
close to the origin, as Kg was varied to produce the locus of 
roots. Except for the added root near the origin, the locus for 
Syston (by is almost identical to that for System (a), and about 
toe same value of Kg would be chosen. Then the dynamic 
behaviour would also be the same as for System (a), with the 
added feature that gyro drift errors would finally be re¬ 
moved. 

As a matter of inter^t, a third arrangement of control gains 
IS depicted in Figure i(c). Here, heavy damping has been used 
and gains Ki and Kg have been chosen to give four equal, 
critically-damped roots. This system will have better transient 
properties than System (a) or (by, but the same steady-state 
performance as (b). 

Gyro Drift ^From eqn ( 8 ), the steady-state response of 
System (a) to a gyro drift rate y is given by; 

(?(oo) = ylKg ( 16 ) 

while for System (b) with integral control, Ki, there is no steady- 
state attitude error due to gyro drift. Using the value Kg tn 100 A 
(from Figure 3) and taking the nominal value /I = 1, one finds 
that for Systan (a) to achieve (?(oo) = 10 "® rad, the allowable 
gyro drift rate would be A = 0-001 rad/sec = lOO^/h. This is an 
easy specification for a ‘precision’ gyro of the inertial guidance 
class, but is rather difficult for a gyro using ball bearings for the 
gimbal axis, for example. Since this requirement is borderline, 
it would seem that the choice between System (u) and System (b) 
might depend largely on whether one wished to use guidance 
class gyros for control or not. 

Response to Low Frequency Sinusoidal Disturbances—From 
eqn (8) the response of System (a) to a low-frequency sinusoidal 
©eternal disturbance, sin co t is given by 


chosen to put the complex x’s weU to the left of the f = 0-2 
Ime. This value of b would be about 14 times as large as for the 
semi-pMsive system and, since the same size gyros are to be used 
the ratio bjh will be increased from 0-001 [eqn ( 12 )] to 0-014^ 
^ally, the value of Kg is varied, which produces the root locus 
shown. To make the syston damping ratio 0-2 (points marked 
on the locus) Kg must be about 100 A, for this example. The 
roots of the semi-passive system are also shown, marked -|- in 
Figure 3(d), for comparison. 

System (b) 

^ The second system considered includes a gyro spring, k, and 
mteg^ control. The decision to use a gyro spring (which in 
practice would probably be an electrical position feedback 


g _ bjJ 


(17a) 


For System (b) the maximum attitude excursion is given by 


g _ n^ k/J 


(17b) 


If typical values are used for the parameters, e.g., n/X = 10 ~®, 
it is found that the attitude response of either System (a) or (b) 
is less than 0-1 arc sec. 

The gjTO excursion in response to a low-frequency sinusoidal 
disturb^ce, for either System (a) or (b), is the same as it was for 
the semi-passive system, eqn (15c). That is, gyro precession must 
counter disturbing torque. [See also eqn (9) with oi. = 0.] 
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Power Consumed During Low Frequency Sinusoidal Disturb¬ 
ances—ThQ power used by the gyro torquer is simply the prod¬ 
uct of torque produced times gimbal rate, <p. The torque pro¬ 
duced electrically consists of Tq and 

For System (a), if we consider that gimbal damping is pro¬ 
duced viscously, is zero and Tq is given by eqn (7b). Then 
using eqn (8) for © and eqn (15 c) for 0^ = (Of<p^, power is 
found to be P = L^ 0^ cos^ (Oft = cos^ coft, in which 

J 6 ft 0 )^ 

IJFW JcOf I h j1? 

This particular form of the power equation is adopted for direct 
comparison with a reaction wheel system designed to do the 
same job as the present gyro systems. From Reference 3, 
eqn (17), the power for a reaction wheel system responding to 
a low-frequency sinusoidal disturbance is given by 

P^f^Lrr?/JC0f 

Dividing the two power expressions gives the relation: 


Pm 

•^Wwheels 


J b NcOf 

jTur 


e.g. 

= 10 ' 


7 


(18) 


for the typical value /// = 10"®. The reason for the enormous 
difference in required power is simply that in a reaction wheel 
the control torque must chase the wheel at its spin speed, while 
with the gyro system the torquer merely pushes the gimbal at 
the rate 0, which is extremely low by comparison. Thus power 
to torque the gyro gimbals is negligible compared to other 
power considerations, even for the very fast (1 c/sec) system 
assumed in this illustration. 


Response to Impulsive Disturbance and Initial Vehicle Rate — 
These transients are calculated from eqn (8) and plotted in 
Figure 4» By comparison with Figure 2 one notes the followmg: 

(1) The response of System (a) looks very much like the 
transient response of the semi-passive system, except that it is 
faster by the factor ct)/A « 7, and the amplitude of the motion 
of System (a) is smaller by the same factor. 

(2) More important, the attitude returns promptly to zero 
for System (a), while for the semi-passive system the attitude 
sits at some final value. 


S(o)A 




1 * 0 + 


System (o) 




1 . 0 - 


System (b) 


Figure 4. Response of active precision system to initial 
velocity or impulsive disturbance 


(3) For System (ft) the predominant term in the transient 
motion is the exponential term (the sinusoidal term being very 
small). Its maximum excursion is somewhat larger than for 
System (a), but is much smaller (again by about the factor co/A), 
than for the semi-passive system. Again there is no steady-state 
error in 6. 

Summarizing, Control to an inertial reference using precision 
sensing of vehicle attitude, 0, has been considered. If guidance 
quality gyros are used, then satisfactory control can be obtained 
with no gimbal position feedback (or spring), System (a). If 
one wishes to obtain 1 arc sec accuracy using gyros having drift 
rates above 200®/h, then a gimbal position feedback plus integral 
control on the 6 signal, must be used. System (ft). 

For either system the attitude can be held to the 10~® rad 
class <assuming a perfect sensor) in the presence of low-frequency 
vehicle disturbance torques (e.g., at orbit frequency) correspond¬ 
ing to gravity gradient acting on an inertia mismatch of 33 per 
cent. For gyros of appropriate size gimbal angles are reasonably 
small (e.g., < 0*5 rad). For System (<j) gimbal damping should 
be kept low to reduce this response. 

The natural characteristics of the system are illustrated in 
the root loci of Figure i, and values for the control gains are 
established in terms of system parameters. 

Response to impulsive disturbances and initial vehicle angular 
velocity is shown in Figure 4, This response is faster and smaller, 
by the factor co/A, than with the purely semi-passive damping of 
the preceding section. 


Pitch Damping for Satellite Stabilized by Gravity Gradient 

Now consider a satellite which is stabilized to the local 
vertical by gravity gradient, and which employs a pair of gyros 
to provide semi-passive damping*. That is, no vehicle attitude 
sensor or electrical feedback of attitude is employed. 

In this case cog, in eqns (8) and (9), represents the undamped 
natural frequency of the satellite due to the gravity-gradient 
‘spring*, and n is the angular velocity of the local-vertical re¬ 
ference frame. Kq and Ki are zero, of course. Also, since we 
will now be considering motions which are extremely slow (of 
about orbital frequency), it can be shown that the inertial torque 
due to acceleration of the gyro gimbal can be omitted from the 
calculations with negligible error. Equations (8) and (9) then 
become: 


G+t) 

y+^(0) 

-^y+s 


^0(0) 

(s^+0)2)1 

G4) 

+i5s^ 


hcosA r 

,~r 

■ 

+ 

1_1 

+ (S^ + fl)2)-^-<»20(O)| 

(s^ + 0)|)( 

^ k;\ 
s+Xi 

]+f>‘ 


( 20 ) 


♦ For this system the gears would be removed in Figure 7, so that 
the same pair of gyros could also rotate together to provide damping 
for roll-yaw motions; this is described elsewhere^®. 


541 



R. H. CANNON, JR. 


In which k' is the sum of a physical (or electrical) restoring 
spring on the gyro gimbal plus the effective gimbal spring due 
to gyroscopic action: k' = k -)r hn sincj), and P is given by 

_2ft^cos^(|) /a cos A/2 ft cos A 

^ bU M—y—b~)\—f—) < 21 ) 

0 is analogous to the factor X which was the key design factor 
in the preceding section. That is, yS connotes the size of the 
gyros.) 

Gyro Drift 

The steady-state effect of gyro drift rate, y, on system per¬ 
formance can be seen directly from eqns (19) and (20): d(co)= 0, 
9 >(oo) = (A cos <])/*') y- That is, the gyros reorient so that the 
effective gimbal spring (gyroscopic plus physical) counters the 
imcertainty torque, V = Ay, associated with the gyro drift rate. 
No vehicle attitude error results. 

It is important, of course, that the gyros are not saturated by 
their own uncertainty torques, and this puts an additional con¬ 
straint on A and k'. But, as it turns out, this should not be serious. 


{s*+«.|)(s + |.') +/Ss?-0 



Figures. Dynamic characteristics in pitch of system Using 'Vee' 
gyros to damp natural motions of gravity-stabilized satellite 


Dynamic Characteristics 


The characteristic equation for this system is given by the 
denominator of eqn (19) or (20). The loci of roots versus p are 
given in Figure 5, for three values of the parameter (A'/A)/^,. 
From these plots it is clear that it will be possible to obtain a 
system having three equal, critically-damped roots [Figure 5(A)] 
by M appropriate choice of the parameters (k'lbym^ and /S. (The 
desirability of doing so has been pointed out“.) The proper 
values to achieve this particular characteristic are: 


k' 

T 


k ft 

sin (|>=0'192(»2 


p —1*54 CO 2 


( 22 ) 

(23) 


The three equal' roots will then be at j = — 0-577eog. 

It turns out that in considering the dynamics of roll-yaw 
control using the same pair of gyros, the value of (h/b) n sin^ 
must be made somewhat higher—about O-Sewg, for a typical 


moment-of-inertia configuration—^in order to achieve acceptable 
roll-yaw stability. This is dealt with elsewhere and can 
be made compatible with the specification of eqn (22) only if a 
negative physical spring constant, k, is employed. Negative 



Figure 6. Response to initial velocity (or impulsive disturbance) of 
gravity^gradient-stabilized satellite damped with semPpassive gyros 


feedback springs have been studied at MIT, and a negative 
physical spring for such systems has been developed by Burt and 
Ware at the Royal Aircraft Establishment. 


Response to Initial Error and to Sinusoidal Disturbance for 
Critically-damped System 

If the conditions of eqns (22) and (23) can be met, then the 
tonsient response of the gyro-damped system will be as plotted 
in Figure 6. 

The response to a sinusoidal disturbance, cos coft, will be 
as plotted in the usual frequency-response manner in Figure 7(a). 
(Log scales are used.) For cof < CO 2 the attitude response is the 
same as for a steady torque, The term Ico^, being the con¬ 
stant of the gravity-gradient ‘spring’, is, of course, attenuated. 

To get the most benefit from the gyros it would seem reason¬ 
able Aat the magnitude of their excursion, during response both 
to initial error and to sinusoidal disturbance at cog, should 
be about 0*1 to 0*2 rad. Since the largest acceptable 0,^ will 
typically also be of this magnitude, this connotes the following 
additional restriction: 

A cos (b ^ 
ft ^ 



Figure 7. Response to sinusoidal disturbance of gravity-gradient- 
stabilized system with semi-passive gyro damping 
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Momentum-to-damping ratios in the range 0*3 to 3 are common 
in inertial guidance gyros, so that this restriction is, happily, 
quite acceptable if such gyros can be used. 

For operational reasons, it may be desirable to avoid a 
negative spring. In this case, in order to be compatible with roll- 
yaw requirements, the pitch system would be operated at other 
than the critically damped condition drawn in Figure 5 (Z>). In 
fact, a more likely arrangement is that shown in Figure 5(a\ 
In this case the magnification, due to resonance, may be as high 
as 4, as indicated in Figure 7(b). If it is, then, even if cog can be 
made different from cof by 20 or 30 per cent, the improvement 
over an undamped system is disappointingly small. 

In terms of sinusoidal response, then, a more highly-damped 
system (achievable with a negative physical or electrical spring) 
would seem more attractive. 

Summarizing. To make gyro damping most effective in the 
presence of sinusoidal disturbances h cos^jb = 1 is indicated. 
Good roll-yaw damping requires, typically, h sin^/b = 0-5, so 
that a nominal gimbal angle, and gimbal damping ratio of about 
<|) « tan""^ 0*5 » 20®, and h/b « 1, respectively, are indicated. 

Then, for (Wg = M/i, for example, a f of 1 can be obtained 
by making kjb = - 0*3. Then the system will have three real 
roots at 5 = — 0 * 6 (Ug, with accompanying good transient re¬ 
sponse (Figure 6) and non-resonant response to sinusoidal dis¬ 
turbances (Figure 7a). 

Conclusions and Comparisons 
Control to an Inertial Reference 

If inertial-guidance quality gyros are used, fast, precise con¬ 
trol can be achieved, as illustrated in Figure 4. The attitude 
sensing control gain should be sufficient to limit error due to 
gyro drift, y: = W®aiiow» and daniping should be relatively 
low, bjh » 10”® to limit system response to disturbances. Gyro 
sizing (e.g., to handle disturbing torques due to gravity), will 
lead, typically, to a relation of the order oih^ In. 

If guidance-quality gyros are used, the system will operate 
well in the absence of a 0 reference (semi-passive control) for 
short periods of time, but may be slower. Figure 2, and its 
response to disturbances larger by a factor of, typically, 10 *. 
Vehicle attitude will drift at the mean drift rate of the gyros. 

If lower grade gyros are to be used, a gimbal feedback (or 
spring) can be added to remove dependence on bearing anoma¬ 
lies, etc., and integral control can be added to avoid the need for 
large attitude errors to support large gyro uncertainty torques. 
In this case the spring, rather than the damper, must be kept 
light to limit response to disturbances. (It will still be well to 
keep gyro damping light also, to permit the best possible 
operation when the attitude reference is unavailable.) 

Comparison With Reaction Wheels: Precision Control —Com¬ 
panion relations for reaction wheel systems are given, Cannon®. 
For precision control to an inertial reference, for comparable 
physical parameters, it is found that ( 1 ) vehicle response can 
be made the same for both methods, ( 2 ) ggro momentum capacity, 
2 sin 9 ?niax •^•^gyro wheel, will equal reaction wheel capacity, 
J (-Oreaction wheel )max, (3) Control torque is lower for gyros by 
bih ^ 10 ®, (4) power required is lower for gyros, typically by 
The power for torquing the gyros has been shown in 


eqn (18) to be negligible compared to that for torquing wheels, 
because the wheel torque must act at wheel spin speed, while 
gimbal torque just acts at gimbal rate. 

Damping of Gravity-orientated Vehicle 

The slow (e.g., IV 2 to 12 h period) natural motions of a 
satellite stabilized to the local level by gravity gradient can be 
damped quite well using a ‘Vee’ configuration. The same size 
gyros are called for as for the precision system: h « In. Much 
higher gimbal damping: bjh « 1 is indicated. Very good gimbal 
bearings will be required in this system, not because of sensitivity 
to gyro drift, but in order to achieve good viscous-type damping 
at the extremely slow gimbal rates. 

If a negative spring (or positive electrical feedback) can be 
used, critical damping can be achieved, with attendant good 
transient response and non-resonant response to orbit-associated 
disturbing torques. Otherwise, because of roll-yaw requirements, 
the damping will be less, transients will be damped out more 
slowly, and the response to orbital disturbing torques may 
exhibit an undesirable resonant magnification. 

Comparison with Reaction Wheels: Natural Motion Damp¬ 
ing—Tb& system natural characteristics of Figure 5 can, of 
course, be obtained essentially with either a recation wheel or a 
semi-passive gyro system. Then the system response, transient 
or sinusoidal, will be the same in either case. No power is 
involved in controlling the gimbals of the semi-passive damper 
system, while the lower-limiting value of power for controlling 
reaction wheels, as given by Cannon^ is not negligible. 

Nomenclature 

b Viscous damping constant on gyro gimbal 
H Vector angular momentum of system 
h Spin angular momentum of a gyro 

1 Moment of inertia of vehicle 

J Moment of inertia of gyro (wheel plus gimbal) about gimbal axis 
K Control gain 

k Gimbal ‘spring constant* (mechanical or electrical) 
k' See eqn (20) 

L External torque on vehicle. SF, its Laplace transform 
/ Magnitude of an external torque impulse 
JW Total external moment on vehicle 
N Gyro spin speed 
n Orbital angular velocity 
P Control power used in torquing 
s Laplace operator 

T Torque applied to gyro gimbals. its Laplace transform 
/ Time 

U Uncertainty torque on gyro gimbal 
fi A system parameter. See eqn ( 21 ) 
y Average drift rate of control moment gyros 
yr Urift rate of rate gyro 
f Damping ratio 

0 Vehicle attitude error (from reference attitude). 0, its Laplace 
transform 

2 A system parameter. See eqn (9) 

Total gyro gimbal angle 

9 Noininal gyro gimbal angle 
9 Perturbation in gyro gimbal angle: = c|) -|- 9 
0 Laplace transform of<p 
Q Angular velocity of coordinate system 

CO Pitch natural frequency of local vertical satellite, due to gravity 
gradient 

cOf Frequency of sinusoidal disturbance 
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REPORT 


W. E. MILLER* 


in the applications sessions, we were exposed to a broad range 
of technical approaches which included the determination of 
process dynamics with some specific mathematical models, dis¬ 
cussion of outstanding value on line operating systems, and the 
presentation of system performance data. 

Every applications paper cannot be expected to present a 
complete expos6 of the control algorithm, system description or 
provide tested performance data. We must recognize the prac¬ 
tical aspects of preparing a paper rather than a thesis for 
a Congress of this type. On the whole I believe we had a 
good balance between expos6 of control algorithms, actual 
achievements, and performance results in the applications 
sessions. 

I was particularly impressed with the unanimity of opinion 
regarding the technical approach to the application of large scale 
digital process computers by the steel industry and chemical 
industry participants. While the process time scales differed sig¬ 
nificantly, there did not appear to be discontinuity between the 
criteria used for either application or economic evaluation. This 
Congress served a useful purpose in bringing these and other 
groups together to discuss technical approaches and operating 
experience. I believe that each group will become more confident 
and the application of digital process computers in both indus¬ 
tries will be speeded. 

Analysis should have a practical usable consequence. We, in 
the applications field, need the help of the experts in mathematics 

* Chairman of the I.F. A.C. Technical Committee on Applications, 


and theory to develop simplified methods of design for the 
complex, multivariable, non-linear, distributed parameter sys¬ 
tems that exist in actual business life. We also face severe bound¬ 
ary conditions of time, expense and economic value for system 
analysis, design and implementation. 

In the short time that is available, it would be unfair to single 
out the contributions of one or two authors or discussors for 
recognition. There were many significant contributions. I should 
like to thank all those who contributed papers and discussions. 
The authors in particular deserve thanks for their willingness to 
rearrange their schedules for special meetings to answer ques¬ 
tions. 

The combination of survey applications, components and 
theory sessions at this Congress has not only permitted process- 
oriented engineers and managers to discuss their problems and 
methods of analysis with each other, but has given them the 
opportunity through the survey sessions to bridge the chasm 
between theory and applications. Perhaps, too, university and 
institute representatives have developed new ideas to extend 
methods of analysis and theory to some of the problems of 
practical consequence discussed during the Congress. 

Our process systems become evermore complex. We in indus¬ 
try are constantly on the alert for methods that will increase 
accuracy of analysis, and reduce time required for analysis and 
design so that we may continue to enlarge the scope of our 
systems. 
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Control Components—^New Design Principles and Devices 

A Survey by J.L. SHEARER et al.* 


Introduction 

Since the First Congress of the International Federation of Auto¬ 
matic Control which was held in Moscow in 1960, many new 
ideas have been brought into reality in the development of com¬ 
ponents for a wide variety of engineering systems. It has been a 
challenging task to bring together information on all of the major 
developments throughout the world and to try to present it in a 
clear concise form. The response of the contributers to this paper 
has been far beyond my expectations, and they deserve a large 
share of the credit for this effort. 


The organization of the material in this paper has been based 
largely on the special fields of the experts who wrote the various 
contributions. This paper has grown larger than originally an¬ 
ticipated so that it has been necessary to carefully select and 
combine ideas wherever possible to save space and words. The 
writer feels that this survey paper is a kind of experiment with 
a new way of communicating ideas, and that data on the results 
of this experiment will probably be very useful to those who 
prepare the next generation of survey papers. 


Electromechanical Components 

G.S.AXELBY, D.W.BLOSER, J.P. O’DONOHUE and H.R.WEED 


The area of electromechanical components covers a wide range 
of devices and system elements, many of which are very special 
purpose devices. Also, many of the developments which have 
taken place with these electromechanical components are closely 
related to other non-mechanical devices such as semi-conductor 
amplifiers and control circuits, magnetic amplifiers, and trans¬ 
formers. Separate sections have been written covering wide band 
transformers, semi-conductor and solid state components, and 
magnetic amplifiers. 

Servomotors, synchros, and damping and integrating tacho¬ 
meters are widely used in many aerospace and military appli¬ 
cations and in some industrial applications. Two kinds of changes 
have been most predominant in the development of these devices 
in recent years. First is the trend toward miniaturization. Second 
is the evolution of more stringent performance requirements and 
the need for more critical evaluation of these control components. 

Miniaturization has resulted in a factor of two reduction in 
the diameter of some servomotors and tachometers. More com¬ 
pact designs and higher temperature environments have resulted 
in the need to withstand higher temperatures (up to 300®C). 
Reduction in size has resulted in faster response in most cases. 
A new sleeve rotor design makes possible faster response and 
higher power level for a unit of a given size^. Servomotors and 
tachometers have also been designed to operate at higher fre- 

♦ Each contribution bears the name of its author or authors. 


quencies (e.g. 900, 1,500,1,600, and 2,000 c/sec) with consider¬ 
able reduction in size and weight. 

Corresponding reduction in the size of synchros has been 
accompanied by improved accuracy through the introduction of 
a 4-wire synchro instead of a 3-wire synchro. Multi-speed syn¬ 
chros have been developed to provide greater angular accuracy 
than single speed synchros by the electrical subdivision of angular 
motions, and by operating them with appropriate electronic 
digital circuits. Through this means, it is now possible to obtain 
angular accuracies in the order one part in 2^® for 360® shaft 
rotation in a cylindrical package only 9 cm long and 3*2 cm in 
diameter®. 

Tachometers, which can provide analogue integration when 
used in the feedback path of a closed loop around a servomotor, 
are being made with slotless armatures to provide 0*01 per cent 
linearity with nearly zero bidirectional error in a cylindrical 
package 7 cm in diameter and 2-5 cm long®. Another major 
change in the design of integrating tachometers is the use of 
thermistor compensation networks to reduce output null vari¬ 
ations due to variations in operating temperature®. This approach 
is quite different from that of using magnetic amplifier controlled 
heaters to keep the temperature of the component constant! 

Another aspect of miniaturization is the combination of two 
or more control components in a single package such as a motor- 
tachometer unit, or a servomotor, gear train and a potentio¬ 
meter mounted on a common shaft. Motor-Tachometer Gener- 
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ator is the all-inclusive name which has been adopted in industry 
for the combination of a servomotor and a tachometer generator 
in a sin^e unit. Today the production of these units exceeds the 
production of plain servomotors. Drag-cup tachometers having 
greatly improved signal-to-noise ratios, now almost invariably 
used in these i^ts, are the result of earlier exhaustive analytical 
work by Frazier*’ ®. A host of new terms and parameters to be 
employed are now in use in working with these units. First and 
perhaps most important is the division of the output signal into 
speed-sensitive’ and ‘non-speed-sensitive’ portions. Next is the 
differentiation between in-phase and quadrature components of 
the above portions of the output voltage. Furthermore, the in- 
phase and quadrature components of the non-speed-sensitive 
portion are found to be a function of cup position and are de¬ 
signated as in-phase position error and quadrature position error. 
If a tachometer generator is driven at exactly the same speed in 
each direction, the in-phase component of the output voltage 
will be sUghtly different in the two directions. The same is likely 
to be true of the quadrature component. One-half the difference 
between the magnitudes of these two in-phase components is the 
average in-phase null voltage for all cup positions, and one-half 
the difference between the magnitudes of the two quadrature 
components is the average quadrature nuU voltage for all cup 
positions. The null voltage in each case is a non-speed-sensitive 
portion of the output. Thus the speed-sensitive portions of the 
in-phase and quadrature components of the output voltage are 
each the same for equal speeds in both directions of rotation 
The in-phase null voltage has been termed tie ‘in-phase axis 
error’ and the quadrature null voltage has been termed the 
‘quadrature axis error’. 

The average of the speed-sensitive portion of the in-phase 
component of the output is known as the in-phase speed-sensitive 
voltage, and the average of the speed-sensitive portion of the 
quadrature TOmponent of the output is knovra as the quadrature 
spe^-sensitive voltage. The quadrature speed-sensitive voltage 
divided by the in-phase speed-sensitive voltage is the tangent of 
the phase shift angle (between the excitation voltage and the 
total speed-sensitive portion of the output voltage). References 6 
and 7 describe specifications and test procedures in detail. 

Once they are known, the in-phase and quadrature axis errors 
and the quadrature speed-sensitive voltage may be cancelled out 
by suitable electrical means. Departure of the in-phase voltage 
vs. speed curve from a straight line is normaHy quite small (usually 
less than 0*1 per cent). 

Departures of the in-phase speed-sensitive voltage and the 
phase shift angle from the values determined at calibration tem¬ 
perature are commonly held to within ± 0-5 per cent and ± 0-5 
degrees respectively over a temperature range of — 55°C to 
+ 125 C, Similarly, the variations of the in-phase and quadra¬ 
ture axis errors with temperature variation are kept within 5 mV 
and 10 mV respectively over the same temperature range. Line- 
a.rity (or lack of it) is not affected by temperature. 

When the excitation voltage is held constant within ±10 
per cent, the ratio of in-phase speed-sensitive voltage to excita¬ 
tion voltage and the phase shift angle do not change by more 
than ± 0-2 per cent and ± 15 minutes of arc. When the excita¬ 
tion voltage is held constant within ± 2 per cent, these values 
are generally an order of magnitude smaUer than those given 
above. 

When the excitation frequency changes by ± 5 per cent, the 
ih-phase transformation ratio change and the phase shift change 


are as great as all other changes combined (-0*75 per cent to 
+ 0*45 per cent and ± 2°30' respectively). However the relation¬ 
ship between these changes and frequency variation is not linear, 
and for a ± 1 per cent frequency change the above changes are 
negligible. 

With the development of transistorized amplifiers and solid- 
state control devices having lower output impedances, and modi¬ 
fication of motor windings to handle higher currents at lower 
voltages, the use of output transformers to drive servomotors 
has greatly declined. Some servomotors have been designed to 
operate froni current sources rather than voltage sources, thus 
eliminating the need for capacity tuning of the control winding. 

The use of new design principles has led to servomotors and 
tachometers having exceptionally low acoustic noise from shafts 
and bearings. Radio frequency interference has been reduced by 
using transistor commutation or solid-state switching devices. 

The application of solid-state control devices has made 
variable-speed and speed-regulated a. c. motors a reality in the 
control field. A variable-speed, single-phase induction motor 
giving a wide range of manual speed control recently has been 
developed at Lamb®*^^®. Some manufacturers are working on 
designs to adapt this concept to automatic control systems. Such 
a circuit uses power transistors or silicon-controlled rectifiers in 
a basic self-excited inverter to supply the motor with a variable 
frequency supply. Since the motor winding replaces the output 
transformer in most cases, it appears that the motor and control 
should cost relatively little more than the motor Itself. 

Although it has less desirable performance characteristics, 
the a.c. universal motor has recently been improved through the 
incorporation of speed control and speed regulation. Recent 
work at Singer, Texas Instrument, General Electric, Robbins 
and Myers, and others^^ has resulted in a variety of designs, all 
based on using one or more silicon-controlled rectifiers and some 
method of sensing motor speed from the terminals. Most of 
these circuits result in an improved, perhaps nearly constant, 
speed characteristic up to the point that the normal motor 
characteristic is reached. Since rectification is usuaUy embodied 
in silicon-controlled rectifier circuits, torque and eflBciency char¬ 
acteristics may be obtained which are greatly improved in com- 
parison to a.c. operation. 

Some other recent developments include a new type of d.c. 
torque motor which provides extremely smooth motion at very 
low speeds up to several horsepower. Usually constructed in a 
pancake’ form with a relatively large diameter, it has many 
poles and several overlapping brushes. The top speed of these 
motors is relatively low, but it is adequate for many applications 
which demand high torques for precision control of velocity and 
position. These motors are also used as extremely accurate tacho- 
meters^^. 

Stepping motors have also been improved, giving higher 
stable speeds in smaller sizes. These imits can overcome higher 
torques than their continuously moving counterparts, they do 
not require regulated power supplies or feedback to attain posi¬ 
tion accuracy, and they can maintain a given position without 
expenditure of power. These motors are finding wider applica¬ 
tions^®* in recently developed systems, especially in systems 
involWng hybrid digital-analogue equipment. Magnetic detent- 
ing eliminates shock loading and mechanical wear. 

Electromechanical components for high performance systems 
are often manufactured by production line techniques when the 
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number of individual items is large. If the specifications are 
critical, it is important that slight deviations from unit to imit 
be determined either for purposes of matching or rejection. Surge 
comparison testing of windings was introduced in 1945 by Moses 
and Harter^® of General Electric and improved on by Rohats^®, 
Gatlin^’, Buchanan^® and Strain^® up to 1960. The effort, how¬ 
ever, was directed primarily toward insulation failure of large 
machines or winding faults of universal motor armatures. There 
was little question that the basic concept of exciting the electrical 
device or winding with an impulse of energy would result in a 
transient response determined by its characteristic equation to 
the extent that its performance might be considered linear. This 
idea has been used extensively to determine the properties of 
linear control system for many years. The extension of the method 
to large signal, non-linear systems would appear to be limited 
to step incremental changes or near-linear approximations. 

The development of the null-detection, surge comparison 
equipment by Robbins and Myers, Inc.^®» greatly improved 
the sensitivity and capabilities of such tests. 

The periodically repetitive excitation and adjustable magni¬ 


tude suggest that specific and identical histories can be created 
in non-linear devices. If so, variations in certain types of non¬ 
linearity could be detected by the high-sensitivity comparison 
units. Work published by Weed^ in 1961 analysed the repetitive 
impulse excitation of servomotors to determine their transfer 
function characteristics. Although obviously not equivalent to 
the Wiener^ theoretical analysis of general non-linear systems, 
it appears that production line determination of the variation in 
many non-linearities is easily detected using repetitive compari¬ 
son surge excitation and that limited results can be obtained in 
evaluating approximate transfer functions. Thus, such tests may 
become part of the performance specifications on many control 
components and may become a useful tool to the design engineer. 

Very sensitive displacement measuring devices such as linear 
and rotary differential transformers (linearsyn, microsyn, etc.) 
are now being developed with magnetic suspensions^ instead of 
conventional bearings to support their moving elements. This 
technique promises to greatly reduce bearing friction and thus 
make it possible to measure the motion of mechanical elements 
at greatly reduced force levels. 


Magnetic Amplifiers 

H.R. WEED 


The magnetic amplifier has been used extensively to control one 
or both windings of two-phase servomotors. The relatively slow 
response and lack of theoretical analysis taking into account the 
effect of non-sinusoidal voltages and parameter variations of the 
motor with speed present major difiSculties. As early as 1951, 
Ramey and Geyger®®’®^ suggested half-cycle response circuits to 
cope with the stability problems introduced by the long time 



Figure 1, Single-phase differential-saturable transformer 


constant of conventional circuits. In 1955 Kallander®® published 
work on a fast response magnetic servo-amplifier, but the results 
gave an undesirably low amplification factor. 

Recent work by Bajwa®®* suggested a modification of the 
Geyger and Kallander circuits that results in acceptable amplifi¬ 
cation and carried out the theoretical evaluation of the overall 
transfer function. This work is particularly useful as it includes 
the variation of motor parameters with speed and their effect 
on the amplifier performance. Since the wave shapes applied to 
the servomotor are non-sinusoidal with such excitation, these 
analyses include the calculation of harmonic and braking torq¬ 
ues. The results were verified by experiment and digital and 
analogue computer simulation. It appears that this will be a note¬ 
worthy contribution to the field. 

Another recent contribution in the magnetic amplifier field 
has been the development by Jackson and Weed®^ of a useful 
differential-saturable transformer for either single-phase or poly¬ 
phase operation. This device has several unique advantages over 
other magnetic amplifier circuits. A simplified single-phase cir¬ 
cuit is shown in Figure L 

Operation is based on the control determining the angle at 
which one core reaches saturation after which the other conducts 
through Di into the load. On the alternate half cycle, the func¬ 
tions of the cores interchange, giving controlled d.c. conduction 
in the load. 

The desirable characteristics are low costi fast response and 
high gain. The relatively low cost results from obtaining essential¬ 
ly the same kVA rating as for regular transformers and from 
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double utilization of the diodes. A single diode gives full-wave 
output^ while three diodes in a three-phase supply give six-phase 
output. This gives an inherently lower ripple per rectifier. Power 
gains of 1,000 at 95 per cent efficiency are easily obtained using 
the current-limited, regulated control supply. 


If designed for normal excitation, both cores are taken from 
— to + 0s and back each cycle, the only variables being the 
controlled rates at which they change and the period that one is 
saturated ahead of the other. The result is an absence of internal 
memory and a basic half-cycle response. 


Semi-conductor and Solid-state Components 

G.S.AXELBY 


In recent years, semi-conductors and solid-state devices have 
become increasingly important in the design and development of 
control systems. They have been used in control systems as signal 
amplifiers as well as power amplifiers, as non-linear function 
generators, as sensors, and as computing elements in logic cir¬ 
cuits which have a fundamental role in advanced control systems 
involving automatic decision capability together with some forms 
of learning. 

In many instances, these devices increase system reliability 
and improve performance, with little increase in system size and 
weight. In addition, they operate on small amounts of power, 
md in molecularized form, they reduce the total number of 
individual parts and the number of interconnections between 
them. Semi-conductors also play an important role in analogue- 
to-digital and digital-to-analogue conversion which is so neces¬ 
sary in control systems involving digital computation. Actually, 
this is an area where more fimdamental work is needed and new 
types of semi-conductors or other solid-state devices should be 
developed to provide this conversion fimction directly, without 
an intervening sensor, especially with respect to measurements 
of acceleration, vibration, and stress. 

In particular, silicon controlled-power rectifiers have been 
developed to replace magnetic and rotating amplifiers of larger 
size and weight. The semi-conductors have much less time delay 
and, generally, also have a higher gain. Silicon controlled recti¬ 
fiers have been developed to handle over 60 kW with voltage 
levels approaching 500 V. They have been appHed to the control, 
through resistance heating, of the temperature of molten glass 
used to manufacture fibreglass®^, and they have permitted direct 
excitation of the large main drive machines on tandem rolling 
mills®®. Also, solid-state, uncontrolled rectifiers can now handle 
large currents of himdreds of amperes and large reverse voltages 
of over 1,000 V, and at the same time they have become much 
more reliable system elements. With improving manufacturing 
techniques and quality control, both types of rectifiers are being 
made with more consistent characteristics to meet a variety of 
voltage, current, and power requirements. 

Specifically, three terminal pnpn silicon power rectifiers, 
when used as switches, can turn off electric circuits carrying tens 
of amperes and hundreds of volts within 10”® sec. This illustrates 
that they can be used to control a power at relatively high fre¬ 
quency and with greatly simplified d.c. switching circuits®®» ®*, 
With proper design, often with the use of digital programming, 


these switches can be used to replace mechanical switches, cams, 
and levers to reduce wear and maintenance. 

Actually, shorter switching times in digital computers are al¬ 
ways desired, and silicon computer diodes are being reduced in 
size and made with different materials to provide switching times 
of 10-® sec, which is characteristic of gallium arsenide diodes®*. 
This rapid response time corresponds to an increase of the effec¬ 
tive diode bandwidth. For example, varactor diodes can respond 
to frequencies of 2 • 10^® c/sec. 

In a similar manner, the speed of response has been increased 
for transistors although their power handling ability will probab¬ 
ly never equal that of diodes. Transistor response time and char¬ 
acteristics have been improved through the development of dif¬ 
fused base units, thin base regions, thick collector barriers and 
smaUer dimensions®®. Power capability has also been improved 
and silicon power transistors have been developed to operate 
with 400 V power supplies. This allows their use in 110 V lines 
and in circuits containing inductive elements. 

Although transistors have been applied to all kinds of active 
circuit elements, a particularly interesting application is in the 
replacement of brushes and commutators in electric motors up 
to 1 h.p. in size. This has reduced the number of parts by a factor 
of ttaee, and it permits the use of d. c. motors in fuel tanks and 
at high altitudes at speeds up to 20,000 rev/min over a smoothly 
varying speed range®®. With the use of silicon controlled recti¬ 
fiers, electronic motors up to 25 h.p. have been controlled in 
this way. 

Another interesting application, of enormous potential for 
the future, is the use of semi-conductor diodes for microwave 
power transmission. At present, the efficiency of power conversion 
is about 70 per cent, and an improvenient of efficiency will 
permit practical control of satellites, remote vehicle operation, 
and power transmission over difficult terrain without the 
use of power supplies where the remote control is being 
applied®’. 

Actually, the field of solid state components has extended 
beyond the developments of the diode and transistors. These 
extensions have been in two areas: thermo-electric devices and 
microsystems. Thermo-electric, devices have been developed to 
provide a cooling and heating source in the same unit—^they 
have been used to make ice cubes and to heat liquids. Micro- 
mima.turization has included the encapsulation of extremely tiny 
elements in micromodules, the development of thin films or 
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layers of circuit elements, and monolithic structures where dif¬ 
ferent components are created within monolithic semi-conductor 
elements. Of course these techniques include the desired inter¬ 
connections between the components. This small size permits 
hundreds of components to be included in extremely small 
volumes. In a t 3 q)ical application of the thin film technique, for 
example, six transistors capable of operating at a 1-5 Mc/sec 
data rate, have been constructed on a 2*5 cm^ plate. 

Other solid state devices, using the effect of superconductivity 
at extremely cold temperatures, are also being developed, such 
as the cryotron and the film cryosar, a semiconductor element. 
It is possible to use these devices as basic elements in computers 
but there are difficult problems in providing signals through 
many connections into the cold environment needed for super¬ 
conductivity. It is possible, however, with the development of 
new materials, to foresee that entire computers may be immersed 
in liquid helium. In spite of the difficulties involved, these 
devices have great advantages because extremely fast switching 
times and high density, such as 10^ elements per cubic cm, are 
possible with very low power consumption®®. It is estimated, for 
example, that a network of 10® cryotron loops would require 
about 1 W of power. Although new manufacturing processes 
have been developed to create these microsystems, more re¬ 
search will be needed to provide the potential reliability and 
flexibility that they promise. 

Another recent development in the solid-state field is the 


injection laser, essentially a gallium arsenide diode although 
other materials are being used, which produces pulsed or con¬ 
tinuous coherent light through stimulation by an electrical 
current rather than by the intense light source used for gaseous 
or ruby lasers®^. However, high current densities are required, 
as high as 2,000 A/cm®, and liquid nitrogen or helium cooling 
is needed. Nevertheless, this electrical excitation will permit 
light modulation at high frequencies, and although much 
research will be needed, the possible applications of a small, 
solid-state laser, in the control field as a detector, amplifier, 
and actuator (as a heat source, for example) are tremendous in 
number. 

Finally, other solid state devices make use of magneto- 
strictive or piezoelectric phenomena. For example, magneto- 
strictive devices, which expand or contract with the application 
of voltage, have been used as precision actuators, and as the 
basis of a novel gyroscope which needs no rotating mechanical 
parts, to detect space motion. Instead, a small mass of magneto- 
strictive material is made to vibrate with electrical excitation, 
and its reaction to space motion can be detected^®. 

Thus, with the progress that has been made in the field of 
solid-state devices, it is possible to predict that highly complex 
control systems with various input and output sensors, data 
processing computers, and even mechanical actuators can be 
constructed within very small volumes with a high reliability 
of operation, and with a small consumption of power. 


Wide Band Transformers 

A.D. HAS LEY, R. LEE and D.D. PIDHAYNY 


Network development and the development of new materials 
have contributed much to the advances in the design of wide- 
frequency-band transformers. 

The work of TchebycheflF and Butterworth^"^ was used 
for the basis of much of the network development applied to 
single-unit, wide-band transformer design. The development 
of multiple unit transformers®^’, with their interconnecting 
networks so that they act as a single wide-band transformer, is 
another way in which network development has advanced the 
wide-band transformer design techniques. 

Low dielectric constant fluoro-carbon and oriented polyester 
films, among other materials, used as a dielectric in the con¬ 
struction of wide-band transformers, also provides a means of 
extending the frequency range of these transformers since closer 
spacing of the windings, to improve coupling, can be used 
without dielectric breakdown or without increasing the distrib¬ 
uted capacitance appreciably. Molybdenum-nickel-iron, nickel- 
iron, cobalt-nickel-iron^®®, arid the manganese-zinc and nickel- 
zinc ferrite core materials®® because of their high permeability, 
probably have contributed the most to the advance of wide-band 
transformer design in the past®®. 

Most of the problems in wide-band transformer design 
arise when they are to be used in feedback amplifiers or control 


systems. The transient problem, in high voltage units, is very 
much worse when wide-band transformers are used than when 
narrow-band transformers are used in these systems®®”®’. 

The control of amplitude and phase versus frequency charac¬ 
teristics (frequency response transfer function) as well as 
impedance characteristics, is of prime importance in the design 
of these feedback systems. These response characteristics are 
also of importance in the transmission of signals for oscilloscope 
presentation, such as television signals. Accordingly, when 
multiple-unit transformers are used for this purpose, extreme 
care needs to be taken to provide smooth transitions in these 
characteristics at the crossover frequencies. 

During the development of the Standard-covering High- 
Power Wide-Band Frequency Transformers it became apparent 
at the outset that a strong need existed for an understanding of 
the effect of system transients on the specification of components. 
The use of high-powered wide band amplifiers permits the 
generation and transmission of transients which are at a level 
such as to cause serious limitations on the design of these trans¬ 
formers. 

In the summary of tests performed in a recent report by 
Pidhayny®®, trainsient levels in the order of seven times the plate 
voltage on the transformer were measured. The transients were 
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found likewise to propagate to the load at approximately the 
same leveL A wide variety of disturbances were inserted and 
the resultant transients were recorded. The most severe transients 
were those encountered due to grid-to-cathode shorts of the 
high-powered final amplifier stage. Further, the transient levels 
measured here were in agreement with those experienced in 
industry. 

O^er tests were performed to better define the transient 
behaviour of the transformer as an isolated unit. Mathematical 
calculations and measured data were compared for the linear 
case. For the non-linear case, as for example the shorting 
of the ^id of the final amplifier, it was recommended that the 
simulation approach be used. Here specifications of a low- 
powered system would be extrapolated ifor the high-powered 
case. 

The conclusion reached was that a need exists to have the 
system engineer perform the above simulation and then in turn 
relay, by specification, to the transformer designer the levels 
of the expected transient peak amplitude and waveshape. 

The solution of the transient problem requires that trans¬ 
former designers in turn develop the proper methods for testing 
wide band transformers. The Wide Band Frequency Range 
Subcommittee of the I.E.E.E. has become convinced of such a 
need, and further, has begun to act. The ofiicers of the sub¬ 


committee have appealed to the Electronic Transformer Com¬ 
mittee of the I.E.E.E. for permission to form a Subcommittee 
to develop the necessary test codes and procedures for use in 
Electronic standards, such as the Proposed Standard No. 453 
for Low-Power Wide-Band Frequency Transformers and the 
Tentative Proposed Standard for High-Power Wide-Band 
Frequency Transformers, now being prepared. 

The prospects for future development probably lie in the 
following areas: 

(1) Magnetic materials. 

(2) New art (superconductivity). 

(3) Multiple-unit networks. 

(4) Network and system development. 

, It would appear that the prospects for future development 
are good for (1) and (2) because of the high level of general 
effort being applied to these areas at the present time. In regard 
to (3), in addition to the two-xmit transformers, three-unit 
transformers have been built but they are discouragingly 
complicated and it is unlikely that much work will be done 
here without a breakthrough of some kind. Work still continues 
on (4), which may result in appreciable gains in effective band¬ 
width for transformers. 


Comparison of Semi-conductor Strain Gauge 
and Metal Strain Gauge 

S.-Y. LEE 


The extraordinarily high resistance-strain coefficient (gauge 
factor) of semi-conductor material led to the development of 
the semi-conductor strain gauge, which is basically a very thin 
(about ^0*002 in.) wafer cut from a piece of single crystal of 
doped silicon or other suitable semi-conductor material®®* 

A wide range of gauge factors, resistivities, and temperature 
characteristics can be obtained by controlling: (a) impurity 
content, {b) orientation of crystalline axes, and (c) type of 
semi-conductor (p type or n type)®** «* Using n type semi¬ 
conductor material when cut along a certain axis, it is even 
possible to obtain gauges with very high negative gauge factor 
(i.e. resistance decreases when stretched). There are two major 
areas of application for strain gauges: for the measurement of 
surface strain, and as the sensing element of a mechano-electric 
signal converter (transducer)®*-^ The following comparison 
is made with consideration of these two basic applications. 

Accuracy 

JHysteresis ^The hysteresis of silicon itself is extremely low 
even at elevated temperatures (up to 600°F). In most cases the 
hysteresis of the bonding agent and that of the base structure 
control the overall hysteresis. 


Linearity^^ ^The linearity (of the AR/R vs, strain curve 
where R is the resistance and AR is the change of resistance) 
of a semi-conductor strain gauge is considerably poorer than 
that of a metal strain gauge when fully stressed. For stress 
analysis applications, where only one active strain gauge is used 
at any given station, the maximum strain should be limited to 
about ± 500/iin./in. to obtain reasonable linearity. This is 
considerably less than the comparable linear strain level of a 
metal gauge (d: 3,000 pin./in.). This drawback can be overcome 
by prestressing the gauge or by using the p type and n type gauge 
side by side. The latter method has the advantages of doubling 
the output signal and achieving linearity compensation at the 
same time. When the gauges are used for transducer applications 
the non-linearity problem is not too serious because it is usually 
possible to select the most linear portion of the AR/R vs, strain 
curve, and it is also usually possible to design the load-carrying ’ 
structure so that a tension gauge and a compression gauge can 
be mounted near each other to form adjacent arms of a Wheat¬ 
stone bridge. The non-linearity of both gauges thus can be 
made to compensate each other. Using a Wheatstone bridge 
circuit to measure the resistance change of a single strain gauge 
also gives rise to some non-linearity. For metal gauges which 
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have a maximum resistance change of the order of 0*5 per cent, 
very small circuit non-linearity is involved. Semi-conductor 
gauges can have resistance changes as high as 20 per cent. The 
circuit non-linearity can be appreciable unless a push-pull 
arrangement is made with two gauges. (One gauge has an increase 
in resistance while the other has a reduction in resistance.) 

Temperature Effects 

The properties of a semi-conductor gauge are more tempera¬ 
ture dependent than those of a metal gauge®®* Fortunately, 
the temperature effects are quite repeatable and stable. There are 
two major temperature effects. The first one can be defined by 
the resistance-temperature coefficient (JS.RIR vs. T). The second 
one can be defined by the gauge factor-temperature coefficient 
{Ai?/i?/strain vs. T). These two effects are somewhat related. 
Strain gauges with high resistance-temperature coefficients 
usually have high gauge factor-temperature coefficients. These 
temperature effects will cause both the output zero reading and 
sensitivity to change with temperature. Both of these tempera¬ 
ture effects are functions of the gauge material (impurity content) 
used. Gauges with high gauge factors usually exliibit greater 
temperature effects. A typical semi-conductor gauge with a gauge 
factor of 100 has a resistance-temperature coefficient of 0*0010° F 
and gauge factor-temperature coefficient of 0*0015° F, These 
coefficients are approximately two orders of magnitude greater 
than the corresponding coefficients of a good metal strain gauge. 
For strain measurement applications, these temperature effects 
are rather undesirable. For limited temperature range appli¬ 
cations (± 50° F), reasonably good compensation can be 
obtained by using thermistors which have very high, but very 
non-linear, negative resistance-temperature coefficients. Tem¬ 
perature effects can be greatly reduced if gauges with heavier 
doping are used. These gauges usually have smaller gauge fac¬ 
tors. The optimum selection depends on particular application 
and performance requirements. For transducer applications 
the situation is somewhat different. Various other compensation 
techniques can be applied. 

Output Signal Level 

The major asset of the semi-conductor strain gauge is the 
high output signal level which is proportional to the product 
of excitation voltage, gauge factor, and maximum strain level. 
Roughly speaking, by selecting low temperature-coefficient 
semi-conductor gauges it is possible to obtain output signals 
at levels 5 to 10 times output signal level (compared with a 
metal gauge) if suitable temperature compensation schemes are 
us^d. 


Input Work 

For strain and stress analysis work the input work required 
to stretch the strain gauge is not an important concern. However 
it is desirable to have small gauges to get into close quarters. 
For transducer applications small size is desirable for a different 
reason®®. A small strain gauge requires small stress carrying 
structure to support it. The total strain energy (hence input 
work) will be low. It can be shown that for most transducer 
applications low input work is highly desirable. An unbonded 
strain gauge requires the least amount of input work since a 
great percentage of the input work is used to stretch the wires. 
A bonded gauge can seldom be designed to have better than 
10 per cent efficiency. Input work can be reduced by reducing 
the size of the gauge. Since semi-conductor material can be made 
with much greater resistivity than most metal alloys which are 
used for strain gauge purposes, it is possible to have a semi¬ 
conductor gauge with much smaller surface area than a metal 
gauge. 

Areas of Application of Semi-conductor Strain Gauges 

The following are the most important areas of application 
of semi-conductor gauges: 

High-level output transducer^^‘~^. —^Using proper temperature 
compensation schemes it is possible to construct transducers 
with semi-conductor strain gauges to have 5 V output at 25 V 
excitation (compared with 0*1 V output of a transducer with 
metal gauges). This type of instrument is particularly useful for 
airborne applications where size and weight are extremely 
important. The output of the transducer can be used directly 
to drive a telemetering system or other equipments without 
additional stages of amplification which add weight, cost, power 
drain, and source of error to the overall system. 

Measurement of low-level strain. —^It is difficult to measure 
very low-level strains with a metal gauge because of the low 
signal-to-noise ratio (particularly noise introduced by the 
amplifier). Using high output semi-conductor gauges the problem 
is considerably simplified. If only dynamic strain is to be measur¬ 
ed, the relatively slow thermal shift can be filtered out with 
proper circuitry. Otherwise, it is necessary to use a temperature 
compensation scheme to reduce the thermal effects. 

Strain on a moving member. —^To measure the strain on a 
moving member (e.g. torque meter) slip rings are often required. 
The noise produced at the slip rings can be considerable com¬ 
pared with the low output level of metal strain gauges. When 
high-output semi-conductor gauges are used the signal-to-noise 
ratio will be proportionally improved. 
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Gyroscopic Instruments 

P.P. FISCHER 


A large-scale effort to improve gyroscopic instruments has been 
made since the late 1950s, mainly spurred by the requirements 
of military and space control and guidance systems. 

The most obvious direction for development of gyro instru¬ 
ments has been toward improved bearing technology (resulting 
in reduced errors, reduced mechanical and electrical noise, and 
longer life), and various efforts to improve materials and ma¬ 
chining technology (i.e. beryllium and ceramic gyro parts ma¬ 
chined to better than 3 • 20”® in. tolerances). Bearing improve¬ 
ments included the use of gas bearings for gyro motor and gimbal 
support®®’ ’2, and a techn^ue of dithering gimbal bearings to 
reduce starting friction. These devices are now practical and 
are incorporated in functioning gyro systems. 

Research into the failure modes and their causes in gyros 
has led to the development of various lubricants, and an even 
more profound j'esult—the revelation of the very deleterious 
effect of oxygen on gyro bearing life. This problem has now 
been identified and work is in progress on solutions intended to 
result in reduced bearing failures. 

Another approach has been to replace the spinning gyro 
wheel with a fluid contained in a spherical chamber. Spinning 
the chamber imparts angular momentum to the ‘fluid sphere’ 
which will act as an inertial mass. If the chamber spin axis is 
rotated, the spin axis of the ‘fluid sphere’ will tend to remain 
fixed in space. This relative rotation of the spin axis results in a 
pressure dissymmetry about the axis of the chamber which is 
sensed by a pair of transducers. This configuration is used in a 
gyro placed in production during 1962; Other configurations 
involving chambers fully or partially fiUed with fluids are being 
evaluated by various companies. These gyros will provide 
performance characteristics, ranging somewhere between that 
of a spring-restrained type and a costly electrically restrained 
type, at a moderate cost (about $ 600.00 for the fluid sphere 
device). 

The promise of great improvements in gyro performance 
in the area of non-mechanical suspension systems is presently 
being explored. Electrostatic and electromagnetic support 
systems have been'proposed with the present effort emphasizing 
the ma^etic support®’. By utilizing materials in the super¬ 
conductive state (due to cryogenic temperatures) it is hoped 
to produce a gyro with a 100 to 1 improvement in drift rate 
(over conventional devices)®®. The design protot 5 ^es successfully 
tested to date have spherical superconducting rotors suspended 
in an electromagnetic field. The effect of the cryogenic tempera¬ 
ture is to reduce electrical losses to almost zero, plus making 
the power consumption, once started, negUgible. To eliminate 
spurious disturbance torques, optical means are used to read 
out ^e relative motion between case and rotor. Work on very 
sensitive attitude and acceleration sensors using magnetic 
suspensions is at present in progress. 

The gyroscopic properties of vibrating rather than rotating 


masses have been of interest for some time. One result of investi¬ 
gations in this area is the development of a practical ‘solid state’ 
gyro®®. The device consists of a solid thin-walled cylinder of 
piezoelectric material (i.e. barium titanate). This is excited by a 
high-frequency voltage (about 100 kc) which causes expansion 
and contraction at opposite ends of the cylinder. Rotation about 
the axis of the cylinder causes a compensating torque to be set 
up in the cylinder which, due to the piezoelectric effect, produces 
an electrical signal which is detected. This device can be used as 
an extremely rugged, long lived, small, inexpensive gyro using 
extremely little power (about + 0-001 

The development work in the area of lasers has revived 
experimentation with devices using the Michelson-Gale effect 
to measure turning rate. One laboratory experiment recently 
reported’®’ utilized a ‘square ring’ of four laser tubes. Normally 
the light energy emitted from the ends of each laser wiU travel 
equal distances to a photo detector. Rotation of the ring causes 
an inequality in the light paths, thus causing a difference in 
frequency between the two beams. This beat frequency is 
proportional to the rotational rate 

A/=/cQ^/>lP 

where Aps the beat frequency, £3 is the input rate, A is the area 
of the ring, A is the laser wavelength, P is the penmeter of the 
ring, and k the proportionality constant. 

This device is still in the laboratory experimentation stage 
but shows great promise. There are no apparent physical 
limitations to the rates to be measured, the limitations being 
mostly in the detection techniques for very low frequencies. 
The effect of vibration and system noise would also be a problem. 
On the other hand the system has no moving parts, has negligible 
mass acceleration effects, is generally simple to mechanize, and 
has low power consumption. 

Another ‘avant garde’ approach to gyro mechanization 
consists of completely discarding conventional configurations 
and working with physical phenomena such as electromagnetic 
resonance and nuclear spin momentum relationships. The use 
of ‘rotating’ particles such as electrons, nuclejl, helium atoms, 
etc, in controlled fields as gyroscopic sensors, has been tried by 
a number of experiments. Two devices have come to the authpr’s 
notice: One uses the Lamor effect, which describes the frequency 
of precession of atomic particles, and uses the change in Lamor 
frequency as the sensed parameter; the other senses induce^ 
voltage in a set of coils surrounding the resonating group of 
particles. Both devices are still in the laboratory stages and 
details are not available due to security restrictions. The feeling 
that these efforts will result in practical devices superior to 
but competitive in size, weight, power and price with more 
conventional devices has been expressed by the personnel 
involved. 
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State of the Art on Electrohydraulic Servovalves 

W.J. THAYER 


During the past decade, electrohydraulic servomechanisms have 
become very popular for high performance position control in 
systems which require greater than one-third horsepower. This 
popularity is due largely to the concurrent development of pres¬ 
ent day two-stage, electrohydraulic, flow-control servovalves. 

Servovalves in use prior to 1950 were generally single-stage 
designs in which a short stroke permanent magnet motor con¬ 
nected directly to a sliding-spool, hydraulic control valve. The 
usefulness of these early servovalves was limited by the relatively 
low spool driving forces obtainable with reasonable motor size 
and electrical power input. Other early servovalve designs utiliz¬ 
ed a small pilot-stage spool as an additional hydraulic amplifier 
between the motor and load control valve, but these suffered 
from poor resolution due to friction of the pilot spool. 

A major advance in servovalve technology came with the 
introduction of the two-stage design which used a nozzle and 
flapper hydraulic amplifier. Later improvements included: (1) use 
of a symmetrical hydraulic amplifier (e.g. double nozzle and 
flapper; or jet pipe and receivers; or double shear orifices and 
flapper), (2) isolation of the permanent magnet motor from the 
hydraulic fluid, and (3) use of internal spool position feedback. 

A variety of two-stage flow-control servovalve designs are 
presently available from a number of manufacturers. There are 
miniature designs for control of flows less than 2gall./min 
(approximate physical size: 2V4 in.® volume; Va lb. weight). The 
more common servovalves weigh about % lb. and are available 
for maximum rated control flow in the range from 1 to 15 gall./ 
min. Some large two-stage designs are available for control of 
flow to 100 gall./min,but generally a third-stage sliding spool is 
added to obtain flow capacity of this magnitude. Figure 2 shows 
a series of standard servovalves available from one manufacturer. 



Figure 2 


Representative performance available from present day 
servovalvfes is the following: 


Supply pressures 350 to 3,500 Ib./in.® 

Hydraulic amplifier 
leakage flow < 0*2 gall./min 

Rated electrical 
input power 30 to 50 mW 

Dynamic response < ± 1 db to 200 c/sec for 1 gall./min valve 

< ± 1 db to 100 c/sec for 15 gall./min valve 

Non-linearity < 5 % 

Flow gain 

tolerance < ± 10% 

Resolution < %% 

Hysteresis < 3 % 

Usable temperature 
range to + 275 ®F usual; 

to -f 650®F with special designs 

Environmental 

capability normal aircraft and space vehicle 

Null shift < ± 5% for 300°F temp, change 

< it 2% with ±20% pressure variation 

< ± 3 % with life and use 

During recent years significant advances in servovalve tech¬ 
nology have involved the adaptation of standard servovalve de¬ 
signs to special system requirements. Three areas of interest are: 
(1) use of pressure feedback, (2) use of both electrical and 
mechanical control inputs, and (3) use of redundant control 
techniques. 

Pressure feedback around a flow control servovalve will pro¬ 
duce a load velocity to force relationship which can be useful for 
stabilization of mass resonance in a position servomechanism. 
The technique is analogous to the addition of a bypass orifice 
across the load actuator, but does not involve the power dis¬ 
sipation associated with a bypass orifice or other passive damp¬ 
ing devices. A number of pressure feedback servovalve designs 
have been developed. In some designs a pressure feedback force 
is applied to the motor armature by a small piston and spring 
mechanism. In other designs the load pressure feedback is sum¬ 
med at the servovalve spool through use of auxiliary control 
areas. The latter are spring centred spool designs wherein spool 
displacement is determined by the applied pressure forces. 

More elaborate pressure feedback servovalves have included 
a frequency sensitive hydraulic filter in the pressure feedback 
path. The filter permits feedback of dynamic pressure variations 
for stabilization of load resonance but .eliminates feedback of 
steady-state pressures. In this way the static accuracy of the 
system is not reduced by load force sensitivity. Several dynamic 
pressure feedback servovalve designs are available using various 
functional arrangements. 

Servovalves which accept both electrical and mechanical 
inputs simultaneously have been developed by several manu¬ 
facturers. These valves can be used in piloted vehicles for mixing 
electrical stability augmentation signals with manual operator 
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controls. This type of servovalve is also used to sum electrical 
command signals with mechanical position feedback signals in 
self-contained hydromechanical load position actuators. 

The creation of special servovalves for use with redundant 
control systems is relatively new*. Various types have been 
developed, including monitor servovalves which can sense a 
system failure, and majority voting servovalves which reject one 
failed channel when three or more active channels are in use. 

Future advancements in servovalve technology will undoubt¬ 
edly be directed towards the major design weaknesses of present 
day valves. Probably the most significant weakness of presently 
available servovalves is their lack of accuracy. Valve null shifts 

* New servovalves for redundant electrohydraulic control. I.F.A.C. 
Paper by Gamjost, K. D. and Thayer, W. J. 


and hysteresis can produce significant actuation error unless the 
servoloop is designed to contend with these effects. When the 
servovalve is used as the error point for a position control loop 
(as in a mechanical feedback servoactuator) these valve inac¬ 
curacies can be very serious. Another limitation of present day 
servovalves in some applications is the quiescent power loss 
associated with internal leakage flow. Reduction of leakage flow 
through use of smaller orifices in the hydraulic amplifier can 
lead to contamination susceptibility. 

Development efforts currently devoted to digital hydraulic 
Mtuation are aimed at improving performance deficiencies result¬ 
ing from these servovalve weaknesses. A true digital, word-input 
electrohydraulic servoactuator which would operate at clock 
rates sqfficient to give d 3 mamic response comparable to existing 
servovalves would be a major technological advancement. 


Performance of Hydraulic Systems in 
Positioning Servomechanisms 

M. GUILLON 


Recent work in France on high performance hydraulic systems 
for aerospace applications has resulted in the design of position¬ 
ing servomechanisms which, as subsystems, have been important 
components of large complex systems. This paper discusses 
problems related to the determination of the best performance 
of such a servo when the load inertia is large and the drive does 
not allow a compensating network. 

Determination of Performance 

Consider a load, which could be for example an aileron of 
an airplane or a rocket nozzle of a missile, positioned by a sym¬ 
metrical, double-acting hydraulic jack, which is controlled by an 
electrohydraulic servo-valve. 

The block diagram, showing the scheme of functional oper¬ 
ation, is shown in Figure 3, 

It should be noted that in the case of a hydraulic servo-control 
with mechanical feedback the scheme is simplified, but the analy¬ 
sis and results which follow still apply. 

In additioii to the symbols shown in Figure 5, the following 
notation will be used. 


/ == inertia of the load 
Cf = the maximum opposing torque 
Pm = maximum angle of rotation of the load 
A = net effective working area of the jack 
/ = length of the lever arm at the front of the jack 
V = k'oAjPm = half the total volume of the jack (where is 
the volumetric coefficient taking into account the dead 
volume situated below the servovalve—is usually of the 
order of P2 to 1-5) 

Px = supply pressure 

B = bulk modulus of elasticity of the oil described by the fol¬ 
lowing relation 

B 

ks = safety factor relating available torque to required torque 
K = total loop gain (A: = ATjATaJCj*) 



Figure 3 
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Speed of Response 

The open loop transfer function is found to be 


8 


K 


which may be written as 


IV 


_ K _ 

where 

IV 1 ^ 2C 

~p r77s2 =~T and «=— 
8B(Aiy eOc (Oc 

In using the notation given in 1 and 2: 


( 1 ) 


( 2 ) 


1 

^ 2Bk, C, 


(3) 


As to C (or e) it is a very difficult coefficient to calculate and 
depends on friction, leakage, etc. If the inertia is large, cJq is 
small and for sinusoidal variations of co in the neighbourhood of 
(Oc, the transfer function of the servo-valve is very nearly constant 

The result is that for co = co^, the transfer function reduces to 


kp 

. K 

8 

“2Ca), 


and 




(4) 


Furthermore, experience shows that combined natural and 
artificial damping, using electronic compensating networks or 
secondary (velocity) feedback, makes it difficult to obtain values 
of the damping coefficient f greater than 0*25. 

Now for smaller values of C, the method of the crossover 
point shows the gain margin is much more critical than the phase 
margin. 

It follows that a good stability condition results when 


M 

® .^ = 1800 2 

A condition here described by 


and with f = 0*25, we find that 




(5) 

( 6 ) 


As to low frequencies, the closed loop transfer function is 
closely approximated by 

1 1 



One may conclude that the greatest speed of response which 
one may attain with this system is that of a first order system 
with a time constant 




K CO, 


(7) 


The accompanying nomogram (Figure 4) gives r^in directly 
as a function of Q and I for the following typical values: 

Pi = 200 bars (3,000 Ib./in.^) 

B = 10,000 bars (150,000 Ib./in.^) 

Pm = 25" 
hsfk'o = 1 

For other values than those given above one may replace I by 
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Figure 4 


Precision 

It is often the threshold current of the servo-valve, which 
determines the precision of the system. 

One generally introduces the relative threshold S = Aisl^im 
in the analysis, for it is very constant for the different types and 
sizes of servo-valves. Similarly it is often not the absolute error, 
but the relative error of the output Ap/Pm that is of interest. 
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In combining these two relative variables: 

ApkK^=^Ai^ 

one obtains: 

Afi_S (dmt)n, 

K fi„ 

But, in introducing the saturation ratio r defined in Bgure 5 
as the ratio Pml^i, 



one may then write, noting that 


(d^_ 

Pi 


Pi (^\ 
\dt Jm 

or even more simply: 

Pm r 


( 9 ) 


( 10 ) 


Influence of Rigidity of Mounting Base 

II the angular stiffness of moimting for the hydraulic ja,ck is 
not infinite, it appears in the transfer function, and the relation 
defining co^ becomes: 



■Pi Pm , 1 
2B k, c/r_ 


( 11 ) 


In order not to degrade the performance, it is important 
that r be greater than 


PmKPl 


If one notes that ks/kv is approximately uni^, and 2 B/Pi is 


approximately 100, it follows that r should be greater than 
1(W Cr/finh or thus that r has to be greater than 100 times the 
stiffness of a torsion spring which requires a torque CV for an 
angular deflection Pm- 

Numerical Examples 

In order to illustrate the application of the ideas contained 
in this paper, two typical systems have been analysed and the 
numerical results are given in Table 1, 


Ttd)le 1. Numerical examples 


Maximum amplitude 
of rotation 

Pm 

(rad) 

0-6 

0-1 

Maximum velocity 
of rotation 

(Apm 

(rad/sec) 

4 

0-5 


I 

(kg-n*) 

0-3 

130 

Maximum opposing 
torque 

Ct 

(m. N.) 

200 

5,000 

Supply pressure 

Pi 

(bars) 

200 

200 

Bulk modulus of 
elasticity (at operat¬ 
ing temperature) 

B 

(bars) 

10,000 

10,000 

k^lks 


— 

0-6 

0-8 

Minimum time constant 
(calculated) 

■Tin In 

(ms) 

9-4 

18 

Measured time constant 

Tr 

(ms) 

-^10 

r^22 

Closed loop gain 

K 

a/s) 

100 

45 

Saturation ratio 

r 

— 

15 

9 

Relative threshold 
of servo-valve 


— 

4% 

4% 

Relative precision of 
the system 

Apipm 

— 

~ 0*25 % 

-0-5% 


100 c. 
Pm 

(mN) 

(rad) 

3-3x10* 

5xl0« 

Angular rigidity of the 
mounting base 

r 

(mN) 

(rad) 

270x10* 

15x108 

Maximum power 

Wm 

(watts) 

800 

2,500 

(indicative title) ( 

II 

(W™) 
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Some Recent Developments on Industrial Pneumatic Components 

G. EIFERT 


In the field of more conventional types of pneumatic components 
there have been some recent developments which have improved 
the state of the art. Unfortunately, only some of these develop¬ 
ments can be disclosed at this time. 

One of these new developments is an improvement of the 
standard four-bellows regulator. Only two bellows are used 
which, however, open on two sides; pressure can be applied 
either from the inside or the outside (Figure 6), The bellows 
are fastened and guided by rings of spring steel, in contrast 
to the otherwise customary method. These rings lie around the 
spring bellows and have one end fastened to the movable end 



One-bellow system 



One-bellow system 


Figure 6, Spring bellows utilizing inside and/or outside pressurization 
with coil spring parallel guidance 


and the other end fastened to the fixed base of the bellows. In 
this way a parallel guidance of the face end of the spring 
bellows is achieved, and the bellows is stressed evenly without 
buckling. 

Another development provides pneumatic adjustment of 
the spring tension of a spring bellows. When a spring bellows 
is employed for measurement, then it is customary to insert 
in parallel a tension (or compression) spring for attaining 
the desired spring constant. For a multiplying device the 
problem was to make the spring constant of a spring bellows 
pneumatically adjustable. 

One proceeds accordingly to a design in which the ‘fixed end’ 
of the spring bellows is attached approximately to the centre of 
a flexed spring strip (Figure 7a ). The one end of this strip is firm¬ 
ly fixed (to ground); the other end is fastened to a movable lever. 
On the movable end of this lever acts the force F of a compres¬ 
sion spring. With this mechanical arrangement the spring con¬ 
stant C of the system referred to the bellows becomes C ^ const. 
X F. If a pressure Pi acts on the spring bellows, it can be assum¬ 
ed that for a small motion A, h is proportional to' PjC. If one 
now substitutes for the compression spring a spring bellows on 
which a pressure Pg acts then F becomes proportional to Pg and 
hence h is proportional to P^C which is proportional to PjPg. 
If for purposes of guidance and better null point stability the 
bellows is equipped with a ring spring, one obtains a configura¬ 
tion as shown in Figure 7b, On the attachment point of the 
upper end of the circular ring spring bellows a force is derived 


which corresponds to the product of the two pressures in the 
two bellows. 

In the desired multiplying device the primary input pressure 
Pi and the secondary input pressure Pg corresponding to the 
multiplication factor are led to the two desired bellows springs. 
The resulting force is employed in usual fashion to control a 
nozzle-flapper valve system, and the force is balanced by the 
force of a compensating bellows. 

Another type of pneumatic regulating unit has been develop¬ 
ed in which the proportional band can be set mechanically by 
using the tangent function. On the crossed bellows regulator 
(Figures 8 and 9) a floating ring is placed around four bellows 
arranged in a cross. The outside surface of the ring serves as 
the flapper for the nozzle which is located in a lever which can 
be rotated around the centre of the ring (and hence of the 
bellows cross). A very simple and clearcut design of regulator 
is thus obtained. The elimination of all bearings for a flapper 
beam or wobble plate removes all problems of bearing clearance 
and friction. As can be seen from the schematic diagram the 
actual value X and the desired value Xk act on one of the 
bellow pairs. To reverse the operation of the regulator these 
connections in the regulator can be interchanged. The two other 
bellows provide the D or I action depending on the settings in 
the valves Tv and Tn- 



Figure 7. Spring bellows with pneumatically adjustable spring constant 
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Y Air intake X X|, 



Figure 8. Schematic diagram of the crossed beliows regulator 



Figure 9. Crossed bellows system with adjustable lever 


The proportional band JTj, (in per cent) of the regulator is 
given by , . 

where « is the angle between the axis of the bellows X—Xt 
and the movable lever, and C is a constant approximately eoual 
to 200. 

One would expect that the control range (range of modula¬ 
tion) of the regulator should increase in the same way as the pro¬ 
portional band. However, through a particular arrangement and 
choice of the four bellows one can achieve a configuration such 
that for a proportional band increase to 500 per cent the control 
range wfll increase at most by 1 per cent. The operating point 
of the regulator during a change of the proportional band be¬ 
tween 5 and 500 per cent remains constant to within -fc 0-5 ner 
cent. 

Pneumatic Binary Switch 

In different laboratories and institutes investigations are be¬ 
ing conducted towards the development of binary operating 
pneumatic elements. In this work the free stream principle is 
extensively used. Devices of this kind, however, cannot in general 
be combined with conventional devices in the pressure range 0-2 
to 1*0 atm (3-15 Ib./in.^) without introducing an intermediate 
conversion device (or transducer). Thus a very simple and 
cheap pneumatic binary switch for use in the conventional 
range has been developed. The essential construction feature 
is a piece of elastic synthetic material which simultaneously 
serves as the dividing wall between the two chambers of the 
switch housing and also as the bearing for the contactor 
lever (Figure 10). One chamber of the housing has three con¬ 
nections, one of which (AB) arbitrmly can be considered as inlet 
or outlet, the two others as the open or closed connection de¬ 
pending on the switch position. The other chamber contains a 
membrane (which activates the switching lever) and, depending 
on the intended use, a spring on one side of the membrane or 
magnetic plates on both ends of the lever travel to obtain a bi¬ 
stable operation. The housing is constructed in such a way that 
the switches can be mounted next to each other on a standardized 
mounting rail. The air leads are connected to the appropriate 
outiets of the mounting fixture. With this switch it is possible to 
build up a multitude of known logic operations based on binary 
signals in the range 0*2-l‘0 atm. 


Figure 10. Pneumatic binary switch: 

(i) J5, AB air connections to the switch¬ 
ing chamber 

control air connections 

(ii) a upper part of the switch 
b lower part of the switch 
c valve lever 

d connection between chambers 
/ spring 


B E2 




d 

(ii) 
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Fluid Systems with No Moving Parts 

R.E. BOWLES andF.T. BROWN 


Fluid systems with no moving mechanical parts have received 
considerable attention in the United States’®”’® and else¬ 
where’®”’® during the past four years. Most of the components 
of these ‘pure fluid systems’ could be called ‘fluid jet modulators’, 
because they involve controlled disturbances of fluid jets. Am¬ 
plifiers, bistable relays, diodes, logic elements, and oscillators 
are the most common devices. 

Amplifiers and Relays 

Amplifiers fall into three categories. Most common at present 
are ‘jet-deflection amplifiers’, in which a power jet may be said 
to be deflected by the dynamic pressures of smaller control 
streams (Figure 11) by the static pressures of the control streams, 


or by a combination of the two. If the control pressures are great¬ 
ly affected by the position of the power jet itself, for example 
through the mechanism of flow entrainment, the jet might be¬ 
come bistable, exhibiting hysteresis. Such a relay or flip-flop 
(Figure 12) results from large control areas, large resistances to 
control flows, and close proximity of a turbulent jet to the 
boundaries of the control passages. 

The power jet can be a liquid and the control flows a gas, 
such as in the units pictured in Figure 13. 

The ‘turbulence amplifier* (Auger’®) also involves a jet, but 
instead of using brute-force deflection, control is effected by 
exciting vortical flow which degenerates into turbulence, in an 
otherwise laminar but unstable power jet. A laminar jet contains 
a large fraction of its initial power at a distance of 20 nozzle- 
widths downstream of the nozzle, whereas a fully turbulent jet 
is nearly completely dissipated. Excitation can be achieved 
acoustically, mechanically, or with one or more small control 
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Figure 14. Turbulence amplifier^ two-input nor (Courtesy Fluid Logic, 

Inc.) 



flows, such as in the nor-gate amplifier pictured in Figure 14. 
Both bistable and continuous modes of operation are possible. 
Establishment of an initially laminar jet requires low Reynolds 
numbers, usually below 1,000, based on the nozzle diameter or 
width, and an exceedingly long nozzle and/or large settling 
chamber to dampen out upstream disturbances. 

Unlike the devices discussed above, the ‘vortex amplifier’ 
(Figure 15) does not have an essentially constant primary-flow 
power, and hence is often better suited to applications involving 
irregular duty cycles and expensive power. The angular momen¬ 
tum of the vortex is controlled by relatively small flows, inducing 
a strong radial pressure gradient, which under usual circum¬ 
stances raises the input pressure, lowers the output pressure, and 
reduces the net flow. 

Diodes 

Fluid diodes are two-way devices with markedly different 
flow resistances for the two possible directions of flow. Though 
the idea is quite old’®, applications such as pressure-signal de¬ 
modulation and power rectification seem quite new. Operation 
of the devices is usually based on flow separation of the establish¬ 
ment of vortices. 

Logic Elements 

The logic functions and, or, exclusive or, nor, etc. can be 
realized with fluid jets in two basic ways. An active element, 


such as the nor gate shown in Figure 16, has a power jet which 
produces a power gain. A passive element, such as the twin and 
unit pictured in Figure 17, has no power jet whatever, each jet 
containing information. A large system of passive elements re¬ 
quires occasional (active) amplifiers. 

Fluid logic elements have interested computer manufacturers 
and others because of applications in which cost and mainte¬ 
nance outweigh response time. Typical response times for small 
elements with nozzle widths of a few thousands of an inch are 
10 to 100/Msec. 


Control 




Figure 17. Passive twin and element (Courtesy Bowles Engineering 

Corp.) 

Other Devices 

Many other fluid jet modulators can be conceived, such as 
function generators, signal modulators, and oscillators. Oscilla¬ 
tors can be built by attaching appropriate feedback channels or 
resonating volumes to conventional amplifiers, and, along with 
more obvious applications, can be used to measure temperature. 

Some Fundamental Considerations 

The flow regime of the power jet is of extreme importancet 
Laminar flow is vital to the turbulence amplifier, and turbulen. 
flow is vital to most amplifiers and relays that depend on flow 
entrainment. There is a most important vortical regime between 
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the laminar and fully turbulent regimes, in which edge-tone 
oscillations and seemingly random ‘noise’ can be very serious. 

The static impedance of the control source can be matched 
to that of the jet modulator to give extraordinary power gains. 
The case of infinite gain is really the borderline, in a continuum, 
which separates the continuous and bistable (hysteretic) modes 
of operation (Brown’®). The basic limitations to gain can be 
described, as in electronic amplifiers, in terms of the signal-to- 
noise ratio. 

If the dynamic (surge) impedance of the control lines is not 
matched to the jet modulator, static equilibrium is achieved, 
following a change in the control variable only after several 
waves have travelled back and forth in the control lines. A 
dynamic instability (oscillation) can result when the surge impe¬ 
dance of the control lines is high and the steady-state impedance 
is low’®. 

High gains and efficiency are often associated with short jets, 
large receiver ports, and small exhaust ports. Unfortunately, 
these same parameters frequently lead to dynamic instabilities 
when the resistance to load flow is high. These instabilities can 
be explained in terms of a reflection coefficient for a wave which 
travels upstream in one receiver passage and is reflected at the 
port, and refraction coefficients for waves consequently produced 
in the other output passage(s). If the sum of these coefficients is 
greater than unity there is a net energy gain, and the possibility 
of a strong oscillation. 

State of the Art 

Three-dimensional fluid amplifiers with no moving mechan¬ 
ical parts, using feedback passages, existed in the 19th century. 
Fluid diodes were built in the 1920s and vortex amplifiers in the 
early 1950s. Nevertheless, the field was relatively dormant until 
the late 1950s, when independent work in the United States and 
Russia sparked new interest and invention. 

Items currently in use commercially include fluid valves 
(amplifiers), gauging systems and other production line controls, 


foam-level controls, and sensors. A much wider field of potential 
applications currently being developed include complete digital 
logic systems, bang-bang and continuous control systems, jet- 
reaction control, instrumentation of fluid-flow machinery, tim¬ 
ing circuits, and so forth. 

Two-dimensional flow channels are most common, and can 
be made by etching in a glass which can be transformed into a 
ceramic (Figure 18), etching in plastic (Figure 19), and by several 
moulding processes. 

Some major problems remain, especially involving the stabil¬ 
ity of complex systems, and both low and high frequency noise. 
Superior devices should result from a presently lacking thorough 
understanding of the significant complex flow mechanisms. 



Figure 18, Ceramic elements (Courtesy Corning Glass Works) 
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New Developments in Pneumoautomation 

M. AIZERMAN and A. TAL 


Until shortly after World War II (1947-48) systems of industrial 
automation used large general purpose pneumatic instruments, 
mounted on panels and arranged to perform simultaneously the 
functions of observation, recording, adjustment and individual 
process control. 

The chief engineering features of these devices were the use 
of the nozzle-flapper amplifier; mechanical pressure transducers 
such as diaphragms, beUows, and Bourdon tubes providing sub¬ 
stantial mechanical output motions; and mechanisms for meas¬ 
uring and comparing mechanical displacements. Typical devices 
of this kind are the controllers made by companies such as 
Brown, Bristol, and Taylor in the U.S.A. and imits of the 04 
type made in the U.S.S.R. These devices were very suitable for 
controlling individual variables, but did not lend themselves 
readily to the development of large, comprehensive systems of 
automation in which the control of many simultaneous processes 
must be coordinated. 

A basic changeover in pneumatic industrial automation oc¬ 
curred in the late forties to individual controllers in which the 
force-balance principle replaced the displacement-balance prin¬ 
ciple. Fluid pressure signals replaced mechanical motions. This 
made it possible to design and manufacture a standard set of 
devices performing a limited number of basic functions (meas¬ 
uring, comparing, amplifying, integrating, recording, adjusting) 
and using uniform, standardized input and output signals. These 
standard devices could ~be combined in many different ways by 
means of connecting lines to provide various special control 
needs. Typical devices of this kind are the units made by Moore, 
Sunvik, and DRD, and of the type AYC in U.S.S.R. These are 
the most widely used elements at the present time (1963) through¬ 
out the world. 

Air pressures between 15 and 30 Ib./in.^ have been widely 
used in both kinds of systems, with higher pressures occasionally 
used for special applications (steam boiler control, turbine speed 
regulation, etc.). 

Recently another transition has begun which promises to 
meet many of the comprehensive requirements of complex 
systems of industrial automation, such as previously unattainable 
speed of response, greater ease of combining basic elements, and 
better coordination of the control of many simultaneous pro¬ 
cesses from a control centre. 

Three engineering features characterize this transition: (1) 
use of lower working pressures; (2) synthesis of pneumatic de¬ 
vices and systems from basic components using printed circuit 
assembly techniques; (3) design and construction of pneumatic 
comjponents employing direct interactions of fluid jets (without 
any intermediate moving parts) and employing a printed circuit 
technique to produce intricate profiles needed to control inter¬ 
action of the jets. With the possible exception of the printed 
circuit idea, aU of these ideas were contained in some form or 
another in the well known work of Ferner®®* However only 
important inventions and developments in different countries in 
very recent years have made practical applications possible. 
These features are briefly described below. 


Use of Lower Pressures 

When pressures of the order of 15 Ib./in.® are used, pressure 
differences across flow resistors can be so high that the resistors 
have non-linear characteristics resulting from air compressibility. 
Also, very small orifices and passages are needed in order to 
minimize air flow and maintain high gain or sensitivity in con¬ 
ventional devices at this operating pressure level. Such small 
orifices and passages easily become plugged with dirt particles, 
so that means must be provided for filtering and drying the air. 
Using a much lower air pressure makes it possible to obtain 
linear flow resistors and to use larger orifices and passages 
without increasing air consumption. Increase in size of orifices 
and passages results in less chance for plugging and thus im¬ 
proves system reliability. 

The experience gained in Germany®^ and the U.S.S.R.®2» ^ 
with design of low pressure diaphragm devices has demonstrated 
the feasibility of using low pressures (100-200 mm HgO) for 
both automation and computation (analogue) systems. Although 
originally introduced for use with diaphragm-operated elements, 
the low pressure operation is even more effective when applied 
to jet devices. 

Construction of Pneumoautomatic Devices and Systems of 
Standardized Components with Printed Circuit Assembly Tech¬ 
niques 

Unlike electrical and electronic systems which are assembled 
from standard components such as resistors, capacitors, induc¬ 
tors, tubes, transistors, etc., manufactured by specialized fac¬ 
tories, each pneumatic system was until recently a unique design. 
As a rule, its parts could not be used in other systems, and thus 
were not available as standard independent units. Therefore 
each new system posed new design and engineering'problems 
at the components level. 

It was thus quite natural for the idea to arise®^ of constructing 
pneumoautomatic systems based on a limited number of stand¬ 
ard components produced and kept in stock as electronic 
elements are. Many different pneumatic systems can be con¬ 
structed from these standard components by mounting them on 
special panels or base plates containing necessary interconnecting 
passages. For instance, a system composed of nine components 
which was built in the U.S.S.R. is shown in Figure 20. Each 
component has a standard set of connecting plugs which mate 



Figure 20. Typical set of components used in constructing a pneumatic 

system 
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with corresponding ports in a base plate. The base plate consists 
of several layers or sheets having channels or passages, analogous 
to printed circuits used for electronic systems, which provide 
the necessary connections between components. Thus very 
complex systems can be built up in a very compact form which 
was not possible before. 

This technique makes it possible to construct combinational 
and sequential switching circuits, remote control devices 
employing coding and decoding of signals, analogue and discrete 
control systems with complex programmes, optimizing systems®® 
and many other complex systems of automation consisting 
sometimes of hundreds or thousands of components. An auto¬ 
matic optimizing device which was constructed using this tech¬ 
nique is shown in Figure 2L 

The principle of using standard components has changed 
the possibilities of pneumoautomation. Control algorithms of 
any complexity are now within reach. 



Figure 2L Complete automatic optimizing system constructed of stand-- 
ard pneumatic components 


Construction of Jet-Type Pneumatic Devices Using the Printed 
Circuit Principle 

All of the pneumatic devices and components used in 
displacement-balance and force-balance systems contain elastic 
and moving parts. Recently a technique for constructing 
pneumatic components with no moving parts was developed 
independently and almost simultaneously in the U.S.S.R.®®* ®'^ 
and in the U.S. A.®®» ®®. The technique is based on the direct inter¬ 
action of jets and the interaction between jets and solid body 
profiles. By using the phenomena of boundary layer separation 
and turning of a jet by control jet, it is possible to obtain very 
compact amplifying relays and proportional amplifiers having 
various characteristics without the use of elastic or moving parts. 


The use of positive as well as negative feedback circuits 
makes it possible to make desired changes of components 
characteristics. Linear amplifiers, memory elements, logic ele¬ 
ments, flip-flops, etc., can all be obtained. By combining such 
elements into systems, various analogue or digital devices can 
be constructed. For instance. Figure 22 shows schematic dia¬ 
grams of a relay, a memory cell, and a jet-type pulse generator. 

The key feature of the printed circuit technique is that both 
the communication channels and the jet-type components are 
simply smface indentations in some material (see Figure 23); 
therefore various techniques resembling those of usual printing 
can be used to manufacture inexpensive, compact systems 
consisting of hundreds or thousands of components. The ex¬ 
perience in the U.S.S.R. and the U.S.A. testifies to the fact that 
such elements can operate at frequencies in the low kilocycle 
range and that devices and systems capable of performing 
hundreds of operations per second are feasible. 

Though experiments carried out both in the U.S.S.R. and 
the U.S.A. have shown that jet devices can operate throughout 
a very wide range of working pressures for various working 
media, present systems predominately use compressed air at low 
pressure (100-500 mm H 2 O). 

Thus three new technical break-throughs have basically 
improved the possibilities for pneumoautomation to play an 
important role in the development of automation. 



Figure 23, Jet-type device constructed by the printed-circuit technique 



(a) 



Figure 22. Schematic diagram of three different jet-type devices: (a) Relay; (b) Memory cell; (c) False generator 
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Pneumatic Components for Extreme Environmental Applications 

J.L. SHEARER 


Environmental temperature and radiation conditions en¬ 
countered in advanced aerospace systems have imposed severe 
requirements on information processing and power-control 
systems. TVpical temperatures are estimated to be as high as 

ISc SinlS and 

1,000 F (540 Q for sustained periods (up to 1 hour). Most 
conventional components cannot tolerate such temperatures and 
would require at least local refrigeration (at great cost of weight 
and complexity). Nuclear powered spacecraft cannot be provided 
with nearly as much radiation shielding as in ground installations 
because of weight lirmtations. Thus components are needed 
which can tolo'ate a high level of nuclear radiation. 

The use of electronic and/or hydraulic control components 
for this kind of application is practically impossible. However, 
pneumatic components can operate in these extreme environ¬ 
ments if they are properly designed and developed. A number of 
short-duration missile and spacecraft systems have already been 
developed using hot- and cmld-gas power control systems with 
important savings in over-all weight compared with systems 
using more conventional hydraulic components. 

Three recent developments at M.I.T. have resulted in signi¬ 
ficant contributions to the state of the art. Unfortunately none 
of these developments was ready for publication when the 
regular technical papers for the Second IFAC Congress were 
due. 

One of these developments is a pneumatic pulse transmission 
system with bistable-jet-relay reception and amplification. This 
constituted a major part of the doctoral thesis research of 
Brown»«. On this system a command signal is encoded into a 
pulse-position-modulated signal, converted to pneumatic pulses; 
^smitted through a pneumatic line; received, amplified, and 
integrated by a two-stage bistable-jet-relay; and demodulated 


by a push-pull piston-cylinder which moves in accordance with 
the command input signal. 

In order to optimize the design of such a transmission line 
for pulse transmission, a theory was developed for the dispersion 
of transients in fluid lines taking into account the effects of 
friction and heat transfer as well as the mass and compressibility 
of the fluid. Impulse and step responses were calculated from 
the propagation operator and impedance characteristic based 
on this theory. In order to overcome some of the dispersion, 
which is found to be very significant in small lines, a tapered 
section was added at the receiving end of the line as shown in 
Figure 24 to act as a transformer to improve the shape of the 
transmitted pulses. A theoretical treatment also was developed 
for approximating the response of tapered lines. Pulse position 
coding was employed because of its relative simplicity and be¬ 
cause it requires no net flow of fluid throu^ the line 



Figure 24. Transmission line with tapered section 



Figure 25. Assembly drawing of reaction-jet servomotor with Jet pipe valve and reduction gearing 
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The jet-amplifier and jet-relay aspects of this work are 
described in the section of this paper prepared by Bowles and 
Brown. 

The second development involves the use of a reaction-jet 
servomotor in a mechanical-pneumatic positioning servo¬ 
mechanism, having no electrical components. The pneumatically- 
powered reaction-jet servomotor (a modem form of Hero’s Tur¬ 
bine) consists of a small hub and pairs of arms which carry the 
fluid out to jets at their tips. A two-ounce rotor is capable of 
developing over one horsepower at 40,000 rev/min when supplied 
with air at ambient temperature and 1,000 Ib./in.^ (67 atm). 
Research into the basic characteristics of this type of motor was 
the subject of a doctoral thesis by Scher®^. 

The final laboratory model for the complete servomechanism 
employed an e^ly version of the reaction-jet servomotor, a 
pneumatic-mechanical amplifier having pneumatic phase-lead 
compensation, and a jet-pipe power control valve to supply 
controlled power to the servomotor. A speed reducer was 
required on the output shaft of the servomotor and simple 
mechanical feedback of output motion was accomplished with 
a torsion spring. This system, developed in a doctoral thesis 
effort by Marcus®^, led to the conclusion that the response 
characteristics of a reaction-jet servomechanism can be made 
comparabk to those of existing or proposed high performance 
positive displacement pneumatic servomechanisms®®. An as¬ 
sembly drawing of one version of the reaction-jet servomotor 
is shown in Figure 25. 

The third development is a pneumatic rate gyro which has 
no electrical components and which employs air bearings at all 


load-carrying points between the rotor and the housing. The 
topic of a thesis by Griffin®^, this project also included basic 
work on air bearings and pneumatic detection of gyro wheel 
precession. An assembly drawing of this rate gyro is shown in 
Figure 26. This unit, which weighs less than 0*3 lb., has a natural 
frequency greater than 400 c/sec when operating at 60,000 
rev/min with a supply pressure of 100 Ib./in.® abs. 



Figure 26. Assembly drawing of pneumatic rate gyro 
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MECHANICAL, HYDRAULIC AND 
PNEUMATIC DEVICES 


A Hydraulic Torque Amplifier 

Y. OSHIMA and K. ARAKI 


Summary 

This paper describes the newly devised hydraulic torque amplifier which 
is a kind of all-hydraulic servo-mechanism. The hydraulic torque 
amplifier is suitable for torque amplification of the high-speed stepping 
motor applied for numerical control of machine-tools, 

This torque amplifier consists of nozzles and a sharp edge as the de¬ 
viation detecting means, hydraulic circuits for the hydraulically bal¬ 
anced servo-valve, rotary hydraulic motor and rotary hydraulic joint 
and constitutes a follow-up system with mechanical feedback. 

From the theoretical analysis the open-loop transfer function of the 
system is obtained. In order to verify the theoretical analysis, frequency 
response and step response tests of the experimental model are made 
and the results are compared with calculated data. The agreement 
between theoretical analysis and experiment is good. 

From the results of tests it is found that the closed-loop characteris¬ 
tics of the system arc very stable if the volume of the conduit pipe be¬ 
tween pilot valve and hydraulic motor is small. The performances of the 
experimental model are so good that if only the construction is im¬ 
proved practical use can be expected. 

The principal points of improvement of construction are described, 

Sommaire 

On d<5crit uii nouvel amplificateur dc couple hydraulique constiluant 
un genre dc servom^canisme hydraulique. Get 616mcnt s’appliquc aux 
rnoteurs k impulsion <\ grande vitesse utilises dans la commande niini<§- 
rique des machincs-outils. 

Le d6tecteur d’6cart est constitu6 par dcs tuyeres et un bord tran- 
chant. L’amplificatciir hydraulique comprend cn outre unc servo-valve 
6quilibr^e,^ un motcur et un joint toiirnants et constitue un syst6mc 
de poiirsuite k reaction mtonique. 

La fonction dc transfert en chaiiie ouverte cst obtenue par voic 
analytique, v6rifi6c par des r^ponses transitoires et frdquenticlles et les 
resultats experimentaux sont compares aux donndes calciilces. L’anEi- 
lysc th6orique et Pexp^rience s’accordent bicn. 

Les essais ont montr^ qifen boucle ferni6c, le systeme est tres stable 
si^Ie conduit entre la-valve pilotc et le motcur hydraulique est petit. 
L apparcil experimental a donn6 dc bons resultats; on pent espercr une 
bonne utilisation si d I’eclicllc industricllc, la construction est amelioree. 
Des indications sur ce dernier point sont donnees. 

Zusammenfassung 

Der Aufsatz beschreibt einen neu enlwickelten hydraulischen Dreh- 
momentverstarker, der eine Art rein hydraulischen Servomechanismus 


darstcllt. Der Verstarker eignet sich zur Drehmomcnterhdhung von 
Schrittmotoren bci hohen Drehzahlen, wic sic fiir iiiimerisch gcstcucrte 
Wcrkzeugmaschiiien Verwendung finden. 

Der Drehmomcnlverstarker beslcht aiis Diisen und ciner scharfen 
Steuerkante zur Bestimmung dcr Abwcichung, aus den hydraulischen 
Kreisen eines hydraulisch abgeglichcnen Stcucrvcntlls, chicm roticren- 
den Hydraulikmotor mil roticrender hydraulischer Kupplung; cr stcllt 
somit ein Nachlaufsystem mit mechanischcr 'Ruckfuhrung dar. 

Aus der theoretischen Untersuchung wird die Frequenzfunktion 
dcs offenen Kreises abgeleitet. Urn die theoretischc Untersuchung zu 
prufen, werdeii dcr Frequenzgang und die Sprungantwort dcs Ver- 
suchsmodclles aufgenommen und die Ergebnissc mit den crrcchncten 
Daten verglichcn. Es ergab sich eine gute Obercinstimmung 
Die Versuchscrgcbnissc zeigen, daB eine sehr gute Stabifitiit des ge- 
schlossencn Kreises vorlicgt, wenn das Volumen der Verbindungs- 
leitLing zwischen Steuervcntil und Hydraulikmotor klein ist. Das Ver- 
haltcn des Versuchsmodcllcs ist so gut, duB praktischcr Einsalz mog- 
lich sein wird, sobald die Konstruktion verbessert worden ist. 

Die prinzipiellen Gcsichtspunktc zur Vcrbcsscrung dcr Konstruk¬ 
tion sind angegeben. 


Introduction 

A hydraulic torque amplifier is a kind of servo-mechanism which 
is composed only of hydraulic components. The one described 
here has the feature that the principle of the hydraulically 
balanced servovalve developed by the authors is utilized and 
that the large output power is derived while the reaction force 
to the input shaft is extremely small, and also that the response 
is very high. 

The performances of the experimental model arc so good 
that if only the construction were improved it would be 
possible to put it to practical use. It can be applied for general 
torque amplification purposes, especially for the torque am¬ 
plification of the high speed stepping motor used as a digital- 
analogue converter in numerically controlled machine tools. 

Construction and Operating Principle 

The schematic diagram of the experimental hydraulic torque 
amplifier is shown in Figure L The end surface with sharp edge 
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The Operating principle of this hydraulic torque amplifier 
is as follows. As the input shaft is rotated by some angle, two 
nozzles are differently covered by the sharp edge of the input 
member and the back pressures of the nozzles are unbalanced. 
The unbalance force produced by the back pressures on the back 
pressure acting surfaces at both ends of the spool drives the 
spool, whereby the openings of the control orifices are varied 
and the pressures on the back pressure acting surfaces are 
changed, so that the spool is brought to the position where 
both side-pressures are balanced. The displacement of the spool 
controls the oil flows through the valve ports and in consequence 
the rotation of the rotary hydraulic motor, which is fed back 
to the rotary hydraulic joint. Thus, two nozzles follow up the 
sharp edge of the input menaber. 

Theoretical Analysis 

The notation used for flow rates (cm^/sec), pressures (kg/cm^), 
displacements Qinear displacement, cm; angular displacement, 
rad) at each part is given in Figure 3 and the other notation used 
is summarized in the Nomenclature at the end of the paper. 


of the input member attached to the input shaft is located very 
close to the nozzle plate attached to the rotary hydraulic joint. 
The sharp edge and the nozzles, the details of which are shown 
in Figure 2, constitute the part for detecting the deviation between 
the input and output shaft and also the hydraulic preamplifier 
of the servovalve together with the control orifice. The control 
orifice is constructed by the conical pin fixed to the valve body 
and the conical hole in the end surface of the spool. An axial 
piston type rotary hydraulic motor as the actuator drives the 
load. The displacement of the actuator is fed back to that of the 
nozzle plate by the mechanical coupling between the actuator 
and the rotary hydraulic joint. 



Input member 


Relationship between Spool Displacement and Angular Deviation 


Nozzle 



The difference of uncovered area between two nozzles versus 
angular deviation in the case of the experimental model (nozzle 
diameter, 0*6 mm) is computed as shown in Figure 4, This 
relationship is approximately linearized as shown by the dotted 
line in the figure, where E is the e value corresponding to the 
saturation point. 

, The an^ysis^ previously made concerning the hydraulically 
balanced servo-v^lve gives the transfer function from angular 
deviation e to spool displacement x as 


Nozzle plate 

Figure 2. Input member and nozzle plate 



AkjE _ 

+ k^fA/Q^ s + Ak^/X 


( 1 ) 
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Figure 3, Notation of pressure^ flow and displacement at each part 
q or Q with subscripts, p with subscripts, x and 0 with subscripts 
denote flow rate, pressure, linear displacement and angular displace¬ 
ment respectively 



Figure 4. Difference between uncovered areas of two nozzles versus 
deviation angle 


where 


\Pi Ps-Pi/ 


Qi “ flow rate through nozzle in the equilibrium condition; 

Pi = back pressure of nozzle in the equilibrium condition. 
Since m and b are negligibly small, eqn (1) is approximated by 



XIE 


( 2 ) 


where the time constant T is 

T=AXIQ, (3) 

Relationship between Flow Rate and Pressure Corresponding to 
Spool Displacement of Pilot Valve 

The relationship between flow rate through the valve port 
and pressure corresponding to spool displacement is experimen- 


q^cmVsec 



Figures, Relationship between flow and pressure corresponding to spool 
displacement of pilot valve 

tally obtained in the case of the model as shown in Figures. This 
relationship is written in functional form as 

(4) 

Differentiation of eqn (4) in consideration of Figure 5 gives 

where x and Pi denote small variations from their equilibrium 
point values and average values in the operating range are used 
for dgjjbx and | bgifbpi \. 

Rearranging eqn (5) gives 

Transfer Characteristics of the Conduit Pipe 

The effects of inertia, resistance and capacitance of fluid in 
the conduit pipe are considered by assuming that these para¬ 
meters can be lumped. 
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A lumped parameter transmission line shown in Figure 6 (a) 
can be simulated by the mechanical system composed of mass, 
damper and springs as shown in Figure 6 Q>). 

This system is expressed by the following equations: 


1 

cq 

II 

(7) 

fi-f2=(Ms^+Rs)y' 

(8) 

f2=2K(y'-y2) 

(9) 


From these, the equations expressing transfer characteristics of 
the system are deduced as follows: 


Thus the transfer characteristics of the conduit pipe are expressed 
by 

(16) 

+ (17) 

It should be noted that in the hydraulic system mass Af, coeffi¬ 
cient of resistance R and spring constant K are given as follows: 

M^paU K-=^a/fil (18) 


. 2K+A.. 

fi ^~ 2K 


where 



2K 


A=Ms^+Rs 

If A, eqns (10) and (11) are approximated by 
fi=/2+Ay2 


yi^^f2+y2 


( 10 ) 

( 11 ) 

( 12 ) 

(13) 

(14) 


Correspondence between the mechanical system and the 
conduit pipe gives the following relationships: 


f2=ap2 q2=asy2 J 


(15) 


. 1-- 

a 

^ 7777?r/7?7f / / //77Z. „ 

(a) 



Equivalent circuit for 
hydraulic motor 

(c) 


Figure 6. Simulation of lumped parameter transmission line 


Two conduit pipes connecting the hydraulic motor with the pilot 
valve shown in Figure 3 are simulated by the mechanical system 
shown in Figure 6 (c). 

In the hydraulic system the following relationships are 
assumed: 

(19) 

The corresponding relationships in the mechanical systan are 

>'2 = J'2 (20) 

Under these conditions 

( 21 ) 

can be proved in the mechanical system. 

Therefore, the relationships in the hydraulic system 

= P2^-P2 (22) 

are obtained. 

Characteristics of Hydraulic Motor 

The torque of hydraulic motor, T, is given as 

T=k^(j>2-P2)=Js^^o+J^mSBo (23) 

This equation gives 

(24) 

As for flow rate the following equations hold: 

«2=«m + «I (25) 

= (26) 

qi=L(p2-p'2) (27) 

From eqns (24) and (26) one gets 

(P 2 -p' 2 )=(.J's+D'Jq„ (28) 

where 

D'„=Djki 

From eqns (25), (27) and (28) is obtained 

q2=qm+qi=iI^'s+l+LD'„)q„ (29) 

Under the condition given in eqn (22), eqn (28) gives 

■P2=Y^J'S+D'„)q„ (30) 
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Open-loop Transfer Function of Hydraulic Torque Amplifier 

From eqns (6), (16). (17). (29) and (30) the following equation 
is obtained: 




Neglecting smaller terms in this equation, the transfer function 
from spool displacement x to flow rate used for rotation of 
hydraulic motor is obtained as follows: 


3m 

X 



(32) 


This equation is rewritten as 


q„_ \QxJ 


(0‘ 


where 


X S^-i-lCcO^S + COe 

* \^J \palJ') 


=-L2^|l0ii . YJi ag. J 

2m, ^|2 0i>i [T 0^1 


Jl 

0gi 

[2 

0Pi 


(33) 

(34) 

(35) 


From eqns (34) and (35) the effects of oil compressibility, p, 
volume of oil in the conduit pipe, al, inertia /' = and 
leakage coefficient of the motor Z on o, and f are readily 
From eqns (2), (26) and (33) the open-loop transfer function 
of the system is obtained as 


where 


8 s(5v+I)(?+2Cm^5+m^ 



(36) 


Experimaital Verification 


In order to verify the theoretical analysis, several experiments 
have been done. The experimental set-up is shown in Figures 7 
and 8. 

As &e input device, the driving motor of pen writing oscillo¬ 
graph is used, which is excited by the signal generator. The 
angular displacement of the input member is detected by the 
strain gauge pick-up calibrated by micrometer. The output 
displacement of the hydraulic motor is detected by the condenser 
type pick-up. The detected signals are introduced to s3mdbroscope 
and observed on it. The back pressure of the nozzle is detected 
by strain gauge pick-up. The inertia loads and condxiit pipes used 
for the experiment are tabulated in Tables 1 and 2. The experi¬ 
mental conditions with respect to hydraulic fluid are as follows: 


Signal 

generator 


Driving 

motor' 


Input 
displacement 


Synchroscope 


Input 

shaft 



^ndenser-type 

micrometer 


Details of condenser 

strain gauge 

yMicromefer for Rotary 

calibration electrode Fixed elec'rode 

Figure 7. Experimental set-up 



Figure 8, Photograph of experimental set-up 
1, Rotary hydraulic motor; 2, rotary hydraulic joint; 3, inertia load; 
4, driving motor; 5, condenser type pick-up; 6, micrometer for cali¬ 
bration; 7, flow meter; 8, strain gauge type back pressure pick-up 


Oil used 
Oil temperature 
Supply pressure 
Compressibility p 
(measured datum) 
Viscosity/U 


Gargoyle DTE Light Oil 

40-45X 

50 kg/cm^ 

2*1 X 10"^cm2/kg 

4-6 X 10~’ kg sec/cm^ 


Data concerning the hydraulic motor are: 


Motor displacement/rad2»5cm® 

Leakage coefficient L 0-01 cm®/kg sec 

(measured datum) 

As the amplitude of input signal in the frequency response tests, 
the value of 1 *5 ® was chosen. 

The gain constant k can be determined by measuring the 
output speed of hydraulic motor corresponding to the input 
displacement in the case of the open-loop system. During the 
experiment the value of k was adjusted at 125 sec'^. 
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Table L Inertia loads used for experiment 


No, of 
inertia 
load 

Imrtia load 

J 

kg sec® cm 

kgsec^/cirf 

1 

No load 

Jm : motor inertia 

1-7x10-* 

0-272x10-* 

2 


21-2X10-* 

3-4x10-* 

3 


40-lxlO-* 

6-4x10-* 

4 


79-5X10-* 

12-7x10-* 


Table 2, Conduit pipes used for experiment 


No, of conduit pipe 

Volume of conduit pipe ah cm® 

1 

19-2 

2 

47-2 

3 

130*0 


In order to determine the time constant of spool motion T, 
the flow through nozzle Qi and the back pressure of nozzle Pi 
in the equilibrium condition were measured. The results were: 
Pi = 25 kg/crn^, Qi — 17 cmVsec. The relationship between 
flow throu^ control orifice and spool displacement correspond¬ 
ing to pressure drop {Ap =P8 — pd gives the one-side effective 
spool stroke Xzs X ^ 0*037 cm. 

From these data the time constant T is obtained as 



where the value of A is 0*82 cm^. 

The datum concerning | 'bq-yfbpi | is determined from the 
slope of the curve of Figure 5, where the value of parameter x 
is assumed to be the effective value of sinusoidal displacement 
of spool. Since the amplitude of spool displacement correspond¬ 
ing to that of input displacement Sq = 1-5® is 


Open-loop Characteristics 

The frequency response tests of the open-loop system in the 
case of the conduit pipe of No. 2 in Table 2 and various inertia 
loads were made. The results are plotted in Figure P, where 
curves I-IV give calculated data. The calculated data are 
obtained from eqn (36) with parameter values given in Table 3. 



Figure 9, Frequency response data of open-loop system 


The step response tests were also made. The results are given 
as dotted line curves in Figure /P, where full-line curves are those 
obtained by means of an analogue computer from eqn (36) with 
the same parameter values. 

Closed-loop Characteristics 

The frequency response and step response tests of the closed- 
loop system in the case of the conduit pipe of No. 1 and 3 and 
various inertia loads were made. The parameter values of the 
system in the tests are given in Table 4, 


Xo=-^X=005mm 

the effective value of jc is x = 0*035 mm. 

From the slope of the curve atpi = 0 corresponding to this x 
in Figure 5, | | is detennined as 


Table 5. Parameter values of open-loop system in the tests 


No, of 
test 

No, of 
inertia 
load 

No. of 
conduit 
pipe 

Parameter values 

T 

msec 

rad/sec 

/. 

c/sec 

f, 

I 

1 

2 

1-8 

860 

137 

0*12 

II 

2 

2 

1*8 

242 

38*5 

0*25 

III 

3 

2 

1*8 

177 

28 

0*34 

IV 

4 

2 

1*8 

125 

20 

0*48 


Table 4, Parameter values ofcloseddoop system in the tests 


No, of 
test 

No. of 
conduit 
pipe 

No, of 
inertia 
load 

Parameter values 

T 

msec 

rad/sec 

/« 

c/sec 

c 

V 

3 

1 

1*8 

515 

82 

0*09 

YL 

3 

2 


145 

23*2 

0*15 

vn 

1 

1 

2*3 

1350 

215 

0*21 

vin 

1 

2 

2*3 

380 

60 

0*39 

DC 

1 

3 

2*3 

278 

44 

0-53 


The results of frequeri(^ response tests are plotted in Figure II 
where calculated data are shown for comparison. In the case 
of test VI sustained oscillation with frequency of 21 c/sec 
occurred, while the frequency at phase cross-over of calculated 
frequency response plot of the open-loop system under this 
condition is the same. 

The measured step response data as well as those obtained 
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Data obtained by means of 
an analogue computer 

Experimental data 


Figure 10. Step response data of output speed of open-loop system 


by means of an analogue computer are given in Figure 12. From 
the results of tests it is seen that the agreement between experi¬ 
ment and theoretical analysis is good, and that the closed-loop 
characteristics of the system with the small volume conduit pipe 
are very stable while the system with the large volume conduit 
pipe becomes unstable in the case of large inertia load. Therefore, 
it is necessary to make the conduits between pilot valve and 
motor as short as possible. As for the system with the small 
volume conduit pipe the Hurwitz stability condition is investi¬ 
gated in order to see how much inertia can be loaded. The 
characteristic equation of the system is obtained as 

1+^=0 

a 

where flj/e is given from eqn (36) and parameter values are: 

T =2-3 X 10"^ 

co^=22.2l(r)* 

C =6-65(J')* 
k =125 


Under these conditions the Hurwitz stability condition is 
always satisfied irrespective of inertia load. 


20 50 100 200 AOO 

f, c/sec 


Figure II, Frequency response data of closed-loop system 











A HYDRAULIC TORQUE AMPLIFIER 



Drain Supply 


Figure 13. Practical construction of hydraulic torque amplifier 


Improvement of Construction 

In order to bring this experimental model of hydraulic torque 
amplifier to practical use, the construction should be improved 
as follows: 

(1) The hydraulic motor should have the shaft extended 
outside from both end surfaces of the casing in order to separate 
load side and feedback side and to make conduits between pilot 
valve and motor as short as possible. 

(2) The control orifice of the servo-valve should be con¬ 
structed by the nan*ow slit on the sleeve inner surface and the 
spool land in order to make the’configuration of sleeve stepless 
and to lessen the friction between spool and sleeve. 

Thus the practical hydraulic torque amplifier may have the 
construction as shown in Figure 13. 

Conclusion 

Theoretical analysis and experiment of the newly devised 
hydraulic torque amplifier have been described. The character¬ 
istics of the experimental model are so good that practical use 
can be expected. 

The authors sincerely thank Prof. Y. Ikebe for his valuable 
advice. 


Nomenclature 


X 

One-side effective spool stroke 

cm 

ao 

Flow coefficient at control orifice 

cm®/kgVa sec 

A 

Area of back pressure acting surface 

cm® 

m 

Mass of spool 

kg secVcm 

b 

Damping coefficient of spool 

kg sec/cm 

e 

— Oi — fio» angular deviation 

rad 


Flow coefficient at valve port 

cra®/kgVa sec 

a 

Cross sectional area of pipe 

cm®. 

1 

Pipe length 

cm 

R 

Coefficient of pipe resistance 

kg sec/cm 

K 

Equivalent spring constant of oil in pipe = a/pi 

kg/cm 

M 

Mass of oil in pipe — qal 

kg sec®/cm 

fi,f Pressure forces at both ends of pipe line 

kg 

yi, y^ Fluid displacements at both ends of pipe line 

cm 

P 

Oil compressibility 

cm®/kg 

P 

Oil density 

kg secVcm* 

F 

Oil viscosity 

kg sec/cm® 

J 

Moment o'f inertia of hydraulic motor and load 

kg sec® cm 

km 

Motor displacement per radian 

cm® 

Dm 

Damping coefficient of hydraulic motor 

kg cm sec 

Qm 

Rate of flow used for rotation of hydraulic motor cm^sec 


Leakage flow rate in hydraulic motor 

cm®/sec 

L 

Leakage coefficient 

cm®/kg sec 


Reference 

^ OsHiMA, Y., and Araki, K. Hydraulically balanced servo-valve. 
/. Jap. Soc. mech. Engng 63, No. 495 (1960), 584 


DISCUSSION 


W.J. Thayer, Moog Servocontrols, Inc., East Aurora, N.Y., U.S.A. 

The torque amplifier described by the authors is a straightforward 
combination of rotary input servovalve and hydraulic motor with 
unity feedback. The combination of these components has obvious 
practical application, as mentioned briefly by the authors. This has 
prompted the following comments which relate to potential problem 
areas in the design approach described. 

The servovalve used has a double nozzle input stage, sliding spool 
second stage with spool position feedback created by control of the 
nozzle supply orifices. It would appear that a single-stage servovalve 
would suffice in the majority of applications. For example, the step¬ 
ping motor could position the inner member of a rotary valve spool, 
with the hydraulic motor position feedback to a sleeve about the spool. 


The resolution achieved with a single-stage design would not be as 
good as with two stages; however, this deficiency would not be great 
because of the high torque gradient available with a stepping motor 
of reasonable size. The simplification achieved through use of a single- 
stage design would appr^iably reduce production costs for the device. 

The use of orifice bridge balance for feedback within the servovalve 
described in the paper is similar to a design introduced several years 
ago by a manufacturer in the United States. The design is workable, 
but there are rather serious drawbacks including: (1) difficulty in manu¬ 
facture of the variable orifices controlled by motion of the spool (even 
with the narrow slot configuration), and (2) difficulty in maintaining 
adequate linearity and stability throughout wide ranges of supply pres¬ 
sure and fluid temperature (admittedly these problems are less severe 
in a machine tool control system). Incidentally, the manufacturer 
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referred to has since abandoned the orifice bridge balance design in 
favour of a spring force feedback approach. 

Lastly, the authors are to be complimented on a very thorough and 
well-executed analysis and development of the hydraulic torque ampli¬ 
fier described. The use of linearized analysis, together with simplifi¬ 
cation by neglecting such secondary effects as spool mass and fluid 
mass, gives reasonably good agreement with experimentally measured 
results. It has been our experience that this approach for analysis of 
hydraulic servomechanisms is compatible with the degree of design 
control available. 


Y. OsHiMA, in reply 

Mr. Thayer pointed out that two-stage hydraxdic servovalve circuits 
are complicated. This is true. We can use a single-stage rotary pilot 
valve with simpler construction. However, the rotary pilot valve has 
a greater area of sliding surface and in consequence more friction 
torque is loaded to the input shaft. In order to realize a torque amplifier 
for a high-speed stepping motor, it is desirable to reduce the reaction 
torque. For this purpose the shear orifice mechanism is adequate since 
it is contactless. Two types of hydraulic servovalve circuit can be used 
for a shear orifice type hydraulic torque amplifier; one is a balance 
spring type such as the Moog servovalve and the other is a hydraulical¬ 
ly balanced type, as adopted in this torque amplifier. In our experience 
the operation of the hydraulically balanced servovalve is quite satis¬ 
factory. 


T. J. ViERSMA, Technological University, Mekelweg 2, Delft, Nether^- 
lands 

Commenting on the performance of the hydraulic amplifier, I should 
like to mention the very great influence exerted by the pipeline volume 
betw^n the control valve and the cylinder block. Although the authors 
indicate the importance of this pipeline volume, I believe it should be 
stressed once more because the test results of the torque amplifier 
could have been very much improved if the authors had paid much 
more attention to this point. Comparison between the experiments 
carried out by the authors and those by Fujii (Japan) on an electro- 
hydraulic pulsemotor make clear that the improvement of the step 
response could be as high as a factor of ten. 

The enormous influence of the pipeline volume can be explained 
briefly as follows. Due to the compressibility of the oil, the compressed 
oil in the cylinder block and the pipelines acts as a torsional spring. 
The rigidity of this spring can be calculated directly. A torque T gives 
rise to a load pressure pi = TjD, where D is the motor displacement 
per radian. Therefore, the oil pressures in the respective sections will 
bepi, 2 = ViPs ± V2PX* A change V2P1 in the oil pressures of both 
sections gives rise to a volume change A F of the oil 

E 

Here E is the bulk modulus of the oil, 6 the motor rotation due to the 


oil compression and Vs the oil volume per section. With T — p^D, 
this gives directly the rigidity C of the torsional spring 

T_piD_2ED^ 

9~ 9 - K 

The theoretical minimum of the section volume Vs is given by Vstaia 
= 14 This ideal will be reached when the pipeline volume is zero. 
The volume of both sections together then equals half the motor dis¬ 
placement per revolution (as the mean piston is in the middle of its 
stroke). In practice. Vs will be a multiple of Y 2 nD, thus causing the 
rigidity C to be a fraction of its optimum value. It is quite clear that 
Vs should be kept as small as possible because of the natural tm- 
damped frequency o)^ = (C/7)Vt. Here, J is the inertia moment of the 
motor itself (Jm), augmented with the inertia moments of machine 
parts such as gearboxes etc. In practice J will be many times Jm* To 
reach the step response time of 1 msec for instance, should not 
be less than 6x10® rad/sec (corresponding to 1 kc/sec). 

It is astonishing to see that the Fujii electro-hydraulic pulse motor 
(with heavy additional inertial load) has a step response time of about 
1 msec, while the response time of the described models (without 
additional load) is greater than 10 msec. The explanation for this 
incredible difference is simple. Fujii reduced his pipeline volume to an 
extremely small value by bringing the connections between control 
valve and cylinder block into an extremely compact rotational sleeve 
directly between valve and cylinder block. The authors, however, 
made use of very long pipelines around the motor. , Their pipeline 
' volume therefore must be about 100 times greater than necessary, 
resulting in a response time 10 times greater than necessary. 

Y. OsHiMA, in reply 

Mr. Viersma pointed out the important influence of the pipeline volume 
between the control valve and the hydraulic motor. In this connection, 
I fully agree with him. The influence of the pipeline volume is readily 
seen from eqns (34) and (35). The increase of the pipeline volume al 
decreases the natural frequency (o^ and also decreases the damping 
coefficient f. The purpose of our experiment is to verify the theoretical 
analysis and also to investigate the influence of the pipeline volume 
and emphasize the importance of this influence. In our experiment, 
three kinds of pipeline were used, as shown in Table 2. The largest 
volume is quite sizeable and in the case of this pipeline the unstable 
condition occurred. 

The model shown in Figure 1 is only used for experiments. As 
mentioned under the ‘Improvement of Construction’, the practical 
hydraulic torque amplifier should be constructed in such a manner 
that the pipelines between pilot valves and motor are as short as pos¬ 
sible. Here, I would like to mention the difference between Fujii’s 
electro-hydraulic pulse motor and our system. The Fujii electro- 
hydraulic pulse motor utilizes the rotary pilot valve which inevitably 
has sliding surfaces and in consequence introduces on the input shaft 
more or less frictional torque. In our system, the reaction force to the 
input shaft is extremely small, although a rather complicated two- 
stage servovalve hydraulic circuit is necessary. 
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A Rotary-drive, Vibratory-output Gyroscopic Instrument 

G. c. NEWTON, Jr. 


Summary 

An unusual gyroscopic instrument can be constructed by mounting 
an asymmetrical rotor in a gimbal. The moments ofinertia of the rotor 
about its three principal axes are unequal. If the rotor is spun, at a 
constant angular rate, about one of its principal axes and an angular 
rate is applied to the instrument with a component in the plane of 
rotor rotation, a vibratory moment at twice the spin frequency of the 
rotor is developed about a gimbal axis normal to the rotor spin axis. 
This moment is proportional to the sensed angular rate in magnitude, 
and has a phase that is related to the direction of the sensed angular 
rate in the rate-sensitive plane. A laboratory instrument using an 
asymmetrical rotor has been built and tested. This instrument uses a 
tuned suspension for the gimbal. A counterpoise element that also 
serves as part of the output transducer is used to sense the vibratory 
motion of the gimbal system. The theory of operation of the instrument 
is developed. Experimental results are presented for a ^breadboard’ 
version. These results show the rate sensitivity to be of the order 
1 X 10 “^ rad/sec based on unity signal-to-noise ratio. 

Sommaire 

Un appareil gyroscopique inhabituel pent toe construit en montant 
un rotor ass 3 mi 6 trique sur une suspension k cardan. Les trois 
moments d’inertie du rotor sont indgaux. Si le rotor est lanc 6 k une 
vitesse angulaire constante autour d’un de ses axes principaux et 
qu’une vitesse est appliqu^ k I’instrument avec une composante dans le 
plan de rotation, un moment de vibration, dont la frequence est dgale 
k deux fois celle de la rotation du rotor, est d^veloppd autour de I’un 
des axes de suspension normal k I’axe de rotation du rotor. L’ampli- 
tude de ce moment est proportionnelle k la vitesse angulaire dans son 
propre plan, Un appareil de laboratoire de ce type a to construit et 
essay 6 . Get appareil utilise un cardan k suspension accord 6 e. Un 
contrepoids dtocte le mouvement vibratoire du systdme cardan. On 
d^veloppe la thdorie du fonctionnement de I’instrument. Des rfeultats 
exp 6 rimentaux sont pr 6 sent 6 s globalement. Ces rtoltats montrent 
que la sensibility est de I’ordre de 10 “^ siu: la base d’un rapport 
signal/bruit ygal k Tunto. 

Zusammenfassiing 

Durch kardanische Aufh^gung eines asymmetrischen Rotors lUfit 
sich ein spezieller Kreisel bauen. Die Tragheitsmomente des Rotors 
um seine drei Hauptachsen sind ungleich. Wird der Rotor mit kon- 
stanter Winkelgeschwindigkeit um eine seiner Hauptachsen gedreht 
xmd wird dem Gertlt eine Winkelgeschwindigkeit ihit einer Kompo- 
nente in der Ebene der Rotordrehung aufgegeben, so entsteht an der 
Kardanachse, die senkrecht zur Rotordrehachse steht, ein schwingen- 
des Moment mit der doppelten Frequenz der Rotordrehung. Dieses 
Moment ist der GrbBe nach der ermittelten Winkelgeschwindigkeit 
proportional, die Phase hfingt von der Richtimg der ermittelten 
Winkelgeschwindigkeit in der betretfenden Ebene ab. Ein Muster- 
gerat mit asymmetrischem Rotor wurde gebaut und gepriift. Bei 
diesem Gerat wird eine abgestimmte kardanische Aufhtogung be- 
nutzt. Ein Gegengewicht, gleichzeitig Teil des Ausgangsiibetoagers, 
dient der Erfassung der Schwingbewegung des Kreiselrahmens. 

Die Theorie der Wirkungsweise des Gertltes wird abgeleitet, zu- 
sammengefafite Versuchsergebnisse werden yorgelegt. Die Versuchs- 
ergebnisse zeigen, daB bei einem Signal-Rauschverhaltnis von 1 die An- 
sprechempfindlichkeit des Gerates in der GrSBenordnung rad/s 
Hegt. 


Introduction 

In many modem control systems, such as autopilots and inertial 
naviptors, gyroscopic instruments are of crucial importance as 
sensing elements. The growing need for precise, reliable, and 
cheaper gyroscopic instmments has stimulated considerable 
research on gyroscopic problems. Much of this research is 
devoted to further improvement of conventional gyroscopic 
equipment. However, exotic gyroscopic concepts®, based on 
physical phenomena ranging from the microscopic to the macro¬ 
scopic, are receiving serious study. One important class of such 
instruments is that characterized by a vibratory output. These 
devices stand in sharp contrast to conventional gyroscopes 
which have steady outputs for constant input rates or positions. 

There are two important sub-classes of vibratory-output 
gyroscopic instruments. One is characterized by vibratory 
movement of mass elements in order to produce the velocities 
giving rise to'the alternating Coriolis forces that are sensed. The 
term vibratory-drive is applied to these instmments. The other 
sub-class contains those instruments that use a rotary motion of 
the mass elements in order to produce the required velocities. 
The term ‘rotary-drive’ is used to describe this kind of equip¬ 
ment. Lyman® has described a tuning-fork form of vibratory- 
drive instrument. Granqvist^ discloses another form of the 
vibratory-drive instrument based on acoustical waves in gases. 
Birdsall\ Bowden^, and Diamantides® have disclosed different 
forms of rotary-drive instruments^®^ However, few experi¬ 
mental results® are reported in the literature for instruments of 
this kind. This paper describes a particular configuration for a 
rotary-drive, vibratory-output gyroscope. It also discusses the 
theory of operation and presents some test results obtained on 
a cmde laboratory prototype used to demonstrate the principle 
of operation. 

It has been shown’ that thermal noise, the performance 
barrier commonly met in electronic instrumentation, is not yet 
a serious barrier to improvement of performance in either vi¬ 
bratory or conventional gyroscopic instruments. Bearing noise 
and centre-of-mass shifts are more important limitations on the 
performance of conventional rotating-wheel gyroscopes than is 
thermal noise. The vibratory-drive, vibratory-output instruments, 
as discussed by Morrow®, have been limited by unwanted cross¬ 
coupling between the driven and sensed vibrations. Hopefully, 
the rotary-drive, vibratory-output instruments will offer higher 
performance than the vibratory-drive instruments but how they 
will compare with rotating-wheel gyroscopes is difficult to fore¬ 
cast. The bearing problems are different and there is the possi¬ 
bility of enhancement of the desired output signal throu^ the 
use of resonance. 

The Instrument 

Mechanical System 

The basic mechanical system used in the rotary-drive, vibra¬ 
tory-output instrument discussed in this paper is shown in 
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Figure L A rotor having different moments of inertia about its 
three principal axes is suspended by means of an axle so as to 
turn about one of the principal axes. The axle turns in bearings 
<^ried by a gimbal. Flexure pivots give the gimbal freedom for 
limited rotation, relative to the instrument frame, about an axis 
(y axis) perpendicular to the rotor spin axis. The gimbal is con¬ 
strained in its rotation about this axis by means of a spring Atj. 

The rotor is turned at a constant angular rate relative to the 
gimbal by motive means not shown. An angular rate of the 
instrument frame, with respect to inertial space, that has a com¬ 
ponent in the plane of rotation of the rotor, will produce a 
vibratory torque about the gimbal y axis that contains a com¬ 
ponent whose frequency is twice that of the rotor spin frequency. 
T^is can be seen by considering the moment of inertia of the 
gimbal-rotor system about the y axis. This inertia fluctuates 
about its mean value at twice the rotor spin frequency. For a 
constant angular rate around the y axis, conservation of 



angular momentum requires that the moments applied about 
this axis vary periodically at twice the rotation frequency of the 
rotor. 

The periodic torques acting on the gimbal cause it to oscillate. 
These oscillations can be detected by a pick-up arranged to 
measure the gimbal angle Oy. However, a counterpoise method 
of detecting the periodic moments offers certain advantages. As 
shown in Figure 1 the counterpoise arrangement consists of 
spring the pick-up rotor, and spring kg. By appropriate tuning 
of the system the pick-up angle can be made to have amplitude 
several times as large as the amplitude of the gimbal oscillation. 
In order to achieve this magnification the pick-up rotor must 
have a moment of inertia which is small compared with the 
effective moment of inertia of the gimbal system. 
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Figure 2. Rotor speed control system 


In order to exploit the phenomenon of resonance in the 
pick-up system, accurate control of the spin frequency of the 
rotor is required. A feedback control system which synchronizes 
the rotor with a reference oscillator is shown in Figure 2, The 
laboratory apparatus, for which test results are given, used an 
air turbine to drive the rotor since this equipment was fabricated 
from an obsolete air-driven gyroscope. By using the rotor as a 
shutter to interrupt a light beam, pulses are generated at the 
rate of two pulses for each revolution of the rotor. These pulses 
actuate a gating circuit that is fed by the reference oscillator 
whose frequency is set for twice the desired spin frequency. The 
output of the gating circuit is an analogue voltage that is pro¬ 
portional, for small deviations, to the phase error between tlie 
reference oscillator and twice the rotor angle. This error signal 
passes through a lead compensating network and a power 
amplifler in order to drive the torque motor that controls the air 
valve. The valve regulates the air pressure applied to the turbine 
nozzle and thereby controls the rotor speed. This closed-loop 
positional control system for the rotor is capable of synchroniz¬ 
ing the rotor angle to that called for by the oscillator to within a 
small fraction of a radian. 

For test purposes the relatively simple output signal process¬ 
ing system of Figure 3 was used. The pick-up rotor of Figure 1 
forms the moving element in a pair of variable capacitors placed 
in a bridge circuit. The 200 kc suppressed carrier output signal 
from the bridge is amplified and demodulated to produce an 
alternating signal whose frequency is that of the gimbal and 
pick-up oscillations. This signal is amplified and used to drive 
one set of coils in the recording dynamometer-type wattmeter. 
The other set of coils of the wattmeter is driven by a power 
amplifier which receives its signal from the reference oscillator. 
The wattmeter produces a pen displacement proportional to the 
product of the pick-up oscillation amplitude and the phase angle 
of this oscillation relative to that of the reference oscillator. The 
phase shifter following the demodulator can be adjusted to 
make the instrument sensitive to angular rates about any 
selected axis in the y-z plane shown in Figure L 

Summarizing, the rotary-drive, vibratory-output gyroscope 
of this paper is constructed of three sub-systems: a mechanical 



Figure i. Output signal processing system 
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system; a rotor speed control system, and an output signal pro¬ 
cessing system. The next section deals with the theory of opera¬ 
tion of this instrument. 

Theory of Operation 

Basic Equation of Motion for Gimhal 

For the mechanical system of a rotary-drive, vibratory- 
output gyroscopic instrument as shown in Figure i, the following 
differential equation can be written. This differential equation 
relates the gimbal angular displacement 6y about the y axis to 
the combined effect of the drive torque and the reaction 
torque of the gimbal suspension. The asymmetrical rotor is 
assumed to be turning with a constant angular frequency so that 
the rotor angle ^ is equal to one-half co t. The basic differential 
equation for gimbal motion is 

( 1 ) 

The moments of inertia /j, /g, 4 are principal moments of inertia 
of the asymmetrical rotor about orthogonal axes 1, 2, 3, respec¬ 
tively, of Figure I, Lagrange’s method is used to derive eqn (1) 
and also to show that the drive torque can be defined as 

Mdsin <Bt] (-- 





Both of the above equations are approximations based on 
knowledge that the gimbal tilt angle dy is small and that the 
angular rates £3^ and are small compared with the rotor spin 
frequency. In a vibratory-output gyroscopic instrument the use¬ 
ful drive torque terms are those involving sinusoidal modulation 
of the angular rates Qy and these are the projections along 
the y and z axes of the angular rate of the instrument with 
respect to an inertial reference frame. 

Several of the ways of using asymmetrical rotor devices for 
sensing angular motion employ tuned suspension systems for 
the gimbal. The apparatus considered in this paper is of this 
character. For such a suspension, the torque JMs can often be 
written, exactly or approximately, as if the gimbsd and its sus¬ 
pension were a second-order system. Thus 

Ms=iA+fMK^ ( 3 ) 

where Ig is the moment of inertia; fg the effective damping co¬ 
efficient, and kg the effective spring constant of the gimbal 
system. Using the values of suspension torque and motor torque 
given above, eqn (1) can be written as 

+ dy + QgCOgOy 

+a [(cos cot) dy—co (sin cot) dy]—(“%“) (4) 


Here the following definitions are used 



(5) 

0 aW* 

>^0*” f 

Jg 

(6) 

./fc V 


coMf) 

(7) 

Vy/ 


-£ 

2L 

(8) 


ly is the total effective moment of inertia, Qg is the quality factor, 
and cog is the ‘natural’ frequency of the gimbal system. The ratio 
« is a normalized measure of the asymmetry of the rotor. 

A solution is sought for the gimbal angle Oy in eqn (4) under 
conditions of steady angular rate about the z axis. Only the 
periodic component of the solution is of interest; t^refore only 
the sinusoidal component of the drive torque is considered. 
From eqn (2) this is 

= — \Ma\ cos cot (9) 

where 

( 10 ) 

In the absence of the time-varying coefficients in eqn (4) the 
solution would be the response of an ordinary second-order 
differential equation with constant coefficients to a sinusoidal 
forcing function. As such, the response dy would be a sinusoidal 
function of the same frequency as the drive and it would exhibit 
resonance for values of drive frequency co in the vicinity of the 
natural frequency cOg of the gimbal system. It is desirable to take 
advantage of this resonance as a way of magnifying the response 
of the system. Also it serves as a means for discriminating 
against noise torques outside the frequency range of interest. 
The presence of the time-varying coefficients will introduce ad- 
ditioneil frequency components into the response of the system. 
The influence of these additional frequency components is 
investigated in the next section. 

Influence of the Time-varying Coefficients 

In order to solve eqn (4) with the time-varying coefficients 
present, a steady-state solution is postulated in the form of a 
Fourier series. Specifically, 

( 11 ) 

n 

where 

0y„ = A„ cos ncot+B„ sin n cot (12) 

The unknown amplitudes An and Bn are evaluated by substitut¬ 
ing the assumed solution into eqn (4). Products like coscot 
Sinn cot resulting from the time-varying coefficients are ex¬ 
pressed in terms of sum and difference frequencies. Equations 
(9) and (10) are used for the drive torque and use is made of the 
definition (8) for oc. By equating coefficients of the corresponding 
sine and cosine terms for each harmonic on the two sides of 
eqn (4) an infinite set of simultaneous equations for the ampli¬ 
tudes An and Bn are obtained. By truncating the set so that just 
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the first 2N equations are considered it is found that 2iV + 2 
unknown coefficients are present. In order to simplify and solve 
these equations it is helpful to make certain additional assump¬ 
tions suggested by the mode of operation of the apparatus. 

The first assumption is that the drive frequency o) (twice the 
rotor spin frequency) is nearly, but not necessarily exactly, equal 
to the natural frequency cOg of the gimbal system. The second 
assumption is that the quality factor Qg is such that the product 
of^Qg is large compared with unity. The third assumption is that 
high-frequency harmonics have negligible influence on the solu¬ 
tions for the low-frequency harmonics and therefore can be 
neglected. 

In accordance with the third assumption, sufficient accuracy 
for purposes of this discussion is obtained by considering only 
the fundamental and second harmonic terms. If the pair of 
equations that results from equating coefficients for the second 
harmonic terms in eqn (4) is simplified by dropping the dy terms 
as suggested by the second assumption noted above, then these 
equations yield the following relationships between the ampli¬ 
tudes of the second harmonic and fundamental components: 


A- A 

(13) 

ctB^ 

where 

(14) 


(15) 

Here P is the ratio of the drive frequency co (two times the rotor 
spin frequency) to the ‘natural’ frequency o), of the gimbal. 
Using these relationships in the exact equations resulting from 
equating coefficients for the fiindamental terms in eqn (4), and 
solving for the amplitudes of the fundamental component, yields 


(16) 


where 




(17) 


(18) 


The fundamental component of 0, has a magni hiHft equal to 
the square root of the sum of the squares of and ^ and a 
phase angle whose tangent is From eqns (16) and (17) 
this component is 


Gyi^-aQ, 


sin((nf+tan ^y) 
( 1 + 7 ^)* 


(19) 


The amplitude is a maximum for y = 0. The value of the 
frequenqr ratio for which this resonance condition occurs is 
Prl from eqn (18) it is found to be 


^,= 1 +^+;.. ( 20 ) 

Theoretically, the maximum possible value of a is 1/2 and 
practical design considerations limit the realizable values of oc 


to less than one-half. This means that the condition of maximum 
output amplitude occurs for values of ^ only slightly larger than 
unity. This is equivalent to saying that the drive frequency must 
be slightly higher than the natural frequency cOg of the gimbal 
system in order for resonance to occur. This displacement of the 
resonant frequency is the inajor effect of the time-varying coeffi¬ 
cients in the differential equation for gimbal motion. 

Another question that must be answered concerns the in¬ 
fluence of the time-varying coefficients on the response of the 
system for drive frequencies in the vicinity of the resonant 
frequency. Letting the frequency deviation from resonance be 
represented by Afi, this deviation is defined as 

( 21 ) 

If y of eqn (18) is expressed in terms of A^ one obtains 

y=2QgAp ( 22 ) 

From eqns (16), (17) and (19) the amplitude response is seen to 
follow a resonance curve as a function of A^ that has the same 
form as the resonance curve for an ordinary second-order system 
wilhout time-varying coefficients. The half-power or 45® phase- 
shift points occur at y = 1 which corresponds to A p equal to 
1/2Q. This corresponds to a drive frequency displacement Am 
from resonance of cogllQg, 

In conclusion, the influence of the time-varying coefficients 
in the differential equation for the gimbal motion is found to be 
as follows: The drive frequency for maximum output, measured 
in terms of the fundamental component, is displaced slightly 
upward from the gimbal natural frequency. The response of the 
system for drive frequencies in the neighbourhood of this res¬ 
onant frequency is found to be identical in character with that 
of a second-order system without time-varying coefficients. The 
quality factor or damping of the system is unaffected by the 
time-varying coefficients. • 

Counterpoise Pick-up System 

The counterpoise pick-up system, shown in Figure i, uses 
the pick-up rotor as a coimterpoise flywheel that is elastically 
coupled to the gimbal by spring The counterpoise pick-up 
system offers certain advantages over methods which sense 
gimbal displacements directly. One advantage is the isolation of 
the pick-up from extraneous vibrations of the gimbal caused by 
dynamic unbalance of the asymmetrical rotor and bearing noise. 
A second advantage is the filtering action that permits mfllring 
the pick-up system responsive to a selected frequency component 
of the gimbal motion and non-fesponsive to other components. 
Another is reduction of the gimbal motion without loss of 
sensitivity at the pick-up location. A fourth advantage is the 
increase in the quality factor Q and sensitivity that is character¬ 
istic of the counterpoise system. These results follow from the 
fact that most of the damping of the pick-up system comes 
from parts associated with the gimbal. 

The introduction of the counterpoise method for sensing 
gimbal displacements raises the order of the gimbal differential 
equation of motion to the fourth order in contrast with the 
second-order equation analysed in the preceding section. This 
system will have two natural frequencies. The lower of these, 
designated as corresponds with the gimbal and pick-up 
moving substantially in, phase, whereas the higher frequency, 
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0)^29 corresponds with these elements moving substantially out 
of phase. With the low damping characteristic of this application 
the behaviour in the neighbourhood of each of these frequencies 
is substantially equivalent to the behaviour of a second-order 
system provided that the resonant frequencies are separated by 
several times the sum of the bandwidths about each. This con¬ 
dition generally can be fulfilled by appropriate design. Usually 
the lower resonant frequency is placed somewhat above the 
rotor spin frequency because of rotor dynamic unbalance prob¬ 
lems. The higher resonant frequency is located near twice the 
rotor spin frequency. 

For forcing frequencies in the neighbourhood of the higher 
natural frequency and under low-damping conditions the gimbal 
motion is given by the following approximate Laplace transform 


dJs)i 


QzS ^ ^ ^ COnlQl 
, 0)„2 S . 


Qz 




MAs) (23) 


Q 2 is the quality factor associated with the upper resonance 
and 


(X — 




\ co„2 fca + fca 

ICOni CO„iCO„2lp J 


(24) 


Here 4 is the inertia of the pick-up rotor, ocyly can be inter¬ 
preted as an effective moment of inertia of the gimbal system. 
Since ocy will be larger than^unity if the system is suitably designed, 
one effect of the coimterpoise system can be an increase in the 
effective moment of inertia of the ginqibal. For operation at 
frequencies near 0^2 with low damping, the ratio cc^ of the 
pick-up amplitude to the gimbal amplitude is given by 


The amplitude of the pick-up motion for a given angular 
rate with the rotor speed adjusted for resonance can be foimd 
from eqns (8), (10), (23) and (25) to be 


\e Qz 

“y 0>„2 


(26) 


Assuming the resonant frequencies are unchanged, the ratio of 
the amplitude of the pick-up with the counterpoise system to 
that of the gimbal without this system can be found by comparing 
the above equation with eqn (19) when y = 0. This ratio, which 
is one figure of merit for the counterpoise system, is 


I^pL«p 62 
l^yl “y Qt 


(27) 


has an upper limit of unity and in practice is always 
fractional. For the parameters of the expoimental apparatus 
given in the next section this ratio is found to be 


|0p|^5.31 1008 _ 
10,1 641 143 


(28) 


provided it is assumed that the major portion of the damping is 
associated with the gimbal. This confirms the assertion that the 
counterpoise configuration tends to increase the sensitivity of 
the pick-up system. ' 



Figure 4, Experimental apparatus 

Experimental Results 

Figure ^ is a photograph of the apparatus tested and includes 
the mechanical system together with parts of the pick-up elec¬ 
tronics and rotor speed control system. The pick-up rotor and 
torsion bar springs Arg and ^3 are hidden behind the electronic 
panel. This equipment was fabricated from a low-performance, 
air-driven gyroscope with journal type spin-axis bearings used in 
lieu of ball bearings in order to reduce noise. The rotor was 
made asymmetrical by means of bars placed on each side. One 
of these can be seen in Figure 4. The reference oscillator (not 
sho>vn) maintained the average speed of the rotor to better than 
0*02 per cent of the desired value. Table 1 gives measured values 
of the important parameters needed to characterize this equip¬ 
ment. 

Table 1. Parameter values of experimental apparatus 


Parameter 

Value . 

Rotor moments of inertia about C 


590 X lO-’kg-m* 

the three principal axes < 

h 

418 X lO-’kg-m^ 

of Figure 1 ( 

h 

238 X 10-’kg-m8 

Gimbal moment of inertia 

4 

70*5 X lO-’kg-m® 

Pick-up moment of inertia 

4 

72 X 10-’kg-m2 

Upper natural frequency 


836 rad/sec“^ 

Lower natural frequency 

«>«i 

557 rad/sec-^ 

Quality factor associated with upper 


natural frequency 

Qi 

1008 


Figure 5 is a reproduction of the recorded response of the 
above apparatus to constant angular rates about the z axis 
applied by means of a turntable. In this test the pick-up sensi¬ 
tivity, up to the point of power amplification to drive the watt¬ 
meter, is approximately l-4V/mrad at the pick-up and the 
signal is substantially noise-free. The mechanical system has a 
sensitivity of 0*225 rad amplitude at the pick-up for 1 rad/sec 
input rate. The R.M.S. noise level, indicated by the fluctuations 
in output signal for the ‘constant’ rate inputs, is of the order of 
1 X 10~* rad/sec. These fluctuations have a spectrum limited to 
relatively low frequencies because of the large effective time 
constant of the highly resonant sensing system (t = — s 
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Figure 5. Response to constant angular rates 
(1 min corresponds to 2 horizontal divisions) 


2*41 sec). The sources of the observed noise are not fully under¬ 
stood and will be the subject of continuing research. However, 
it is known that slight fluctuations in turntable rates and air 
turbulence both contributed to the observed noise. 


Conclusions 

The major conclusions for the rotary-drive vibratory-output 
gyroscope of this paper are: 

(1) It is theoretically possible to obtain an alternating output 
torque whose frequency is twice that of the rotor spin rate. 

(2) Theoretically, the time-varying coefficients in the basic 
differential equation have no significant effect other than a slight 
displacement of the resonant frequency. 

(3) In theory, a counterpoise configuration for the sensing 
system offers several advantages over the simpler arrangement 
of locating the pick-up directly on the gimbal. 

(4) An experiment designed to demonstrate the above prin¬ 
ciples has achieved, with relatively crude equipment, a noise 
level of the order of earth’s rate. 


(5) The theoretical and experimental results obtained so far 
justify continuing research with the object of finding out if the 
performance level set by thermal fluctuations can be reached, 
and if not, for what reason. 

The author thanks the staff members of the Electronic Systems 
Laboratory at M.LT. who assisted in the preparation of this paper 
and particularly R, W, Bush for his comments. 

This research was supported, in part, by the Lake States Oil 
Company in Michigan, and the continuing research is being 
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Some Problems of the Dynamics of a Hydraulic 
Throttle-Control Servo-mechanism with an Inertial Load 

V. A. KHOKHLOV 


Summary 

The paper indicates the range of amplitudes and frequencies of valve 
oscillation at which a hydraulic servo-motor working on an inertial 
load and with incompressible fluid may still be treated as a linear 
system. 

An equation of motion is derived for the loaded hydraulic servo¬ 
motor taking into account the compressibility of the fluid. A tech¬ 
nique is given for both accurate and approximate determination of the 
limiting oscillation frequencies of the actuator corresponding to the 
occurrence of cavitation discontinuity in the hydraulic-cylinder fluid. 

Somihaire 

Le rapport indique le domaine des amplitudes et des frequences des 
oscillations d*une vanne command^e par un servo-moteur hydraulique; 
compte tenu de son inertie et de sa commande au moyen d’un fluide 
incompressible, ce dispositif est traitd tout d’abord comme un systfeme 
lin6aire. 

L’6quation du mouvement est ensuite 6tablie, prenant en considera¬ 
tion la compressibilite du fluide moteur. Une methode est indiqu^e 
pour la determination de la valeur maximale des oscillations, limitee 
par Tapparition de cavitation dans le fluide actionnant le cylindre du 
servo-moteur. 

Zusammenfassung 

In diesem Beitrag werden die Amplituden- und Frequenzbereiche der 
Ventilschwingung aufgezeigt, innerhalb deren hydraulische Servo- 
mechanismen, die mit Masse und inkompressiblen Flussigkeilen 
arbeiten, noch als lineares System betrachtet werden kdnnen. 

Eine Bewegungsgleichung wird fiir den belasteten hydraulischen 
Servomechanismus abgeleitet, die die Kompressibilitat der Flussigkeit 
in Betracht zieht. Der Beitrag gibt ein Verfahren sowohl fur die exakte 
wie fUr die angenaherteBestimmung der Grenzen der Schwingfrequenz 
des Mechanismus an, bei deren tJberschreilung Kavitation in der 
Flussigkeit des Servo 2 ylinders auftritt. 


Introduction 


of the sleeve and of the valve, in the mean position of the latter, 
coincide; and the effective areas of the piston are the same on 
both sides. 

On the Limiting Conditions under which a Hydraulic Serve- 
mechanism Working with an Inertial Load may be Considered as 
a Linear System 

Figure I shows an outline diagram of the hydraulic servo¬ 
mechanism taken for analysis. The differential equation of mo¬ 
tion for the actuator neglecting the Hquid compressibility, and 
with only inertial loading, has been derived by Katz^. In an 
earlier paper^ the author has given the following general form 
of differential equation for a servo-mechanism under any kind 
of load: 

( 1 ) 


1 II 



Figure L Outline diagram of hydraulic servo-mechanism with slide- 
valve control 


Two questions are considered in this paper. The first concerns where x is the displacement of the piston in the hydraulic 

the limiting conditions under which a hydraulic servo-mechar cylinder, measured from its central position; ^ is the liquid fiow 

nism may still be treated as a linear system. This is investipted coefiicient in the valve ports; b is the length of the working slit 
without taking into account the compressibility of the liquid of the valve port; Fis the effective area of the piston; is the 

in the hydraulic cylinder. The effect of this factor is taken into pressure in the supply line; Ap is the pressure drop in the 

account in the investigation of the second problem—^that of the capacities of the power hydraulic cylinder created by the external 
limiting frequency of oscillation of the servo-mechanism piston load; p is the displacement of the valve; and sgn p is the sign 
at which cavitation of the liquid in the hydraulic cylinder does determining the direction in which the valve is displaced from 
not occur. its central position. 

The following assumptions are made: there is no liquid Equation (1) is non-linear. It is of interest to determine the 
leakage from, or hydraulic loss in, the piping; the flow coefficient limits of frequency and amplitude of valve oscillation within 
in the control ports of the valve is constant; the working edges which the non-linear term Ap sgn p naay he neglected in eqn (1). 
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The solution of this problem is particularly interesting in the 
case where an inertial load is displaced by the piston of the 
hydraulic cylinder. Katz^ has shown that for sinusoidal valve 
motion the piston velocity may be expressed approximately in 
the form of a series 

B 0^ 

v=i!=sin T— ^sin 2 T+— (3 sin 3 t- 5 sin t) 


In order for condition (Q to be satisfied, by virtue of (5) we 
must have: 


cop* 0-1 


JLfyjAi 

/imb\ g J 


(7) 


On the limiting Frequency for a Hydraulic Throttle-control Serro- 
mechanism at which Cavitation of the liquid in the Hydraulic 
Cylinder does not Occur 


3 6^ 

H—g-sm3TCost+ 
where v is the dimensionless piston velocity. 


v= 


dx 

dt 


/(bc\ . 

\dt J XX 




libp*\gpj dt 


( 2 ) 


(3) 


is the no-load piston velocity corresponding to an ampli¬ 
tude valve displacement of p*, t is the dimensionless time 


T = COt 


and $ is the dimensionless parameter 


(4) 


e=<op* 




(5) 


where m is the mass of the load appli^ to the piston. 

In his paper he also gives two more approximate methods 
for solving the forced periodic motion of the piston in a hydraulic 
servo-mechanism, and shows that all three methods give a satis¬ 
factory approximation provided 0 ^ i. 

However with inertial loading the non-linearity of the equa¬ 
tion of motion of the actuator [eqn (1)] is determined by a 
term dei>ending not on its output velocity but on the accel¬ 
eration 



m 

f'W 


According to the results of Katz^ and making use of repres¬ 
sions (3), (4) and (5), it is possible to obtain: 


dv 0 2 

^"^COS T —^cos T 


[(1—3 sin ^t)+ 3 0 sin^T cos t] 

0 ^ r , 

—^ l-3sm^T(l—0COST) 

Figures calculated from this equation for 0 = 0-5 and 
0 = O’l are shown in graphical form in Figure 2. 

These graphs show that with sinusoidal valve motion and for 


^^0-1 (6) 

the piston acccelerationfor the main hydraulic cylinder follows 
an approximately cosine law (error not more than 5 pr: cnt). 

Thus if condition (6) is satisfied the term Ap sgn p may be 
neglected in eqn (1), and so one may treat the servo-mechanism 
working on an inertial load as a linear integrating element. 


The modem tendency to increase the accuracy and action 
speed of servo-systems calls for an increase in their natural 
frequencies. While in electrical servo-mechanisms the natural 
frequency is essentially limited by motor heating, no such limita¬ 
tion exists in hydraulic actuators. However, in the presence of an 

dr 



Figure 2, Piston acceleration curves for sinusoidal valve motion 


inertial load the frequency transmitted by a hydraulic throttle- 
control servo-mechanism is limited. This limit is due to the fact 
that with this sort of load the actuator is working alternately as 
a motor and as a pump. In the pumping condition, because of the 
presence of controlling throttling devices and the limited supply 
pressure, the pressure in the suction line may turn out to fall 
below atmospheric. In this event cavitation occurs in the liquid 
in the hydraulic cylinder^* ®. 

At the same time the continuity of fluid flow, basic to the 
analysis of hydraulic servo-mechanisms, is broken. 

Considered here is the problem of determining the li mi ting 
frequency transmitted by the actuator under the condition 
that cavitation should not occur in the hydraulic cylinder. The 
solution of this problem is carried out taking into account the 
compressibility of the fluid, and with the piston driving an 
inertial and velocity load. Under these conditions the motion of 
the piston in Figure 1 is determined by the following three 
equations^: 

(1) The equation for liquid flow through the valve: 
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where is the displacement of the section of fluid close to the 
end walls of the power cylinder (sections I and II in Figure I) \ 



(2) The equation for the forces acting on the piston 

j dx . 

where h is the viscous friction coeiSicient of the load, and kg the 
rigidity of the liquid. 

For motion of the piston close to its central position, from 
the author’s previous results^ one may consider the rigidity of 
the liquid as constant and equal to 2 FG/Zq, where G is the mod¬ 
ulus of elasticity of the fluid and /q is the half-length of the 
internal capacity of the hydraulic cylinder. 

(3) The equation for elastic deformation of the liquid in 
the hydraulic cylinder: 

( 10 ) 

By eliminating the variables Xi and Ap between eqns (8), (9) 
and (10) the equation of motion for the loaded hydraulic servo¬ 
mechanism is obtained taking into account the compressibility 
of the liquid: 

m d^x h d^x dx 
kn dt^^k^ ^F'^df 

According to the author’s previous results^ the continuity 
condition for the liquid masses in the cylinder may be written 
in the following form: 



Since an analytical solution of eqn(ll) is not possible, an 
investigation of it was carried out, by the author and T. N. 
Kolerova, on the EMU-5 electronic analogue simulator. The 
example chosen for simulation was a slide-valve-controlled 
hydraulic servo-mechanism with the following numerical para¬ 
meter values: F== 50 cm^; = 1-4 cm; ^oiox = 0-024 cm; 
b = Ttd^ = 4-4 cm; 4=5 cm; Pq = 50 kg cm“^; p = 0-57; 
y = 0*9 X 10“^ kg cm“®; m = 0-2 kg sec® cm”^; = 12 kg sec 

cm""^; G = 12,000 kg cm“®; Arij = 24 x 10* kg cm“^. 

The following were used in setting up the problem: standard 
computing amplifiers; a limiter to ensure that condition (12) 
was fulfilled; an element performing th6 operation of sqtiare- 
root extraction; a multiplier; and a two-position relay reacting 
to the sign of the valve displacement. 

With the dimensions and parameters given above for the 
servo-mechanism, the differential eqn (11) takes the form: 

50 “ ^4 X10 “ ^ -I- 0-24 sgn p* sjn cot 

(13) t 

t For convenience in solution, the quantity ]/po = ]/50 that enters 
into kv has been included under the square-root sign on the right- 
hand side of the equation. 


Solving this equation in terms of the highest derivative, and 
transforming to the time-scale t = 50 r for convenience, we get: 



where Q = 0-02 o). 

The block diagram of the model representing eqn (14) is 
given in Figure 3. 

A voltage was applied to the input of the model that repre¬ 
sented a sinusoidal motion of the valve. 

Altogether, four series of oscillograms were taken, corre¬ 
sponding to fixed amplitudes of valve oscillation and to various 
frequencies ranging from zero to 300 c/sec (zero to 6 c/sec on 
the model scaled 



Figure 3. Block diagram of interconnection of computing elements in 
electronic simulator 


These oscillograms were processed to give amplitude- and 
phase-frequency characteristics for the actuator, which are 
shown as continuous lines on Figure 4, 

Arrows are used on the amplitude-frequency characteristics 
to indicate the points determined by condition (12) as the 
boundaries for transition to cavitation conditions. On the same 
diagram thebrokenlines provisionally show sections of amplitude- 
frequency characteristics corresponding to cavitation conditions. 
An amplitude characteristic is also drawn here for the same 
servo-mechanism with no load, /« = ^ = 0. 

These characteristics indicate the presence of resonant modes 
in the inertially loaded actuator. As the amplitude of valve 
oscillation is reduced, the resonant frequency tends (in the 
example considered) to coq = 1,100 sec”^ which corresponds to 
the oscillation frequency of the load mass of Oq = 

Investigations were also made for other combinations of the 
basic servo-mechanisms parameters. In particular. Figure 5 shows 
three oscillograms obtained for periodic motions of the actu¬ 
ator with 4 = 10 cm ^d the remaining figures as in the example 
above. 
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Although the motion of the hydraulic servo-mechanism 
allowing for liquid compressibility is described by the non¬ 
linear differential eqn (11), still, as follows from the oscillograms 
shown in Figure 5, sinusoidal displacement of the valve causes 



Figure 4, Amplitude andphase-frequency characteristics for a hydraulic 
servo-mechanism working on inertial and velocity load 


a piston motion according to a law close to the harmonic. This 
provides a basis for estimating the boundary of the cavitation 
state working from a linear approximation, besides the inves¬ 
tigation already described. 

To solve this problem eqn (11) is taken and the term on 
the right-hand side omitted from the. original equation of motion 
of the hydraulic servo-mechanism, 



under the square-root sign. The equation becomes: 


^d^x A d^x 


(15) 


The condition for no liquid discontinuity in the hydraulic 
cylinder, for the case under discussion, can now be found. 

For a linear system with periodic oscillations it is known that; 



(16) 


Then, taking into account that the discontinuity of the liquid 
is conditioned by the inertial load, condition (12) takes the form: 



m 


(17) 


where is the amplitude of oscillation of the hydraulic 
cylinder piston. 

Solving eqn (17) for co one finds the limiting oscillation 
frequencies for the hydraulic cylinder piston at which continuity 
of liquid flow is still maintained 


The value of valve oscillation amplitude required to satisfy this 
condition is determined from the amplitude-frequency character¬ 
istic of the servo-mechanism. 



Figure 5, Oscillograms of forced periodic motions of a loaded hydraulic servo-mechanism: 
(a) 1-8 (90) c/sec; (6) /= 2-2(110) c/sec; (c)/- 2-6 (130) c/sec 


590 









SOME PROBLEMS OF THE DYNAMICS OF A HYDRAULIC THROTTLE-CONTROL SERVO-MECHANISM 


The latter, according to eqn (15), has the form: 




The simultaneous solution of eqns(18) and (19) allows the 
limiting permissible frequency as a function of the amplitude 
of valve displacement, to be found: 


CO 


cr 



.*2 


. 2 1 
—+a)o-y 


„*2 


P^‘ , 2 1 



( 20 ) 


From examination of this equation it can be pbserved that 
coer — coo when 

PoF ^ w 


Thus continuity of liquid flow will only be maintained in the 
hydraulic servo-mechanism provided that the amplitude of valve 
oscillation does not exceed 


» _ h PqF 

^ m k„kji 

For the case considered, p*' = 0-0017 cm. 


( 21 ) 


Table 1 shows the limiting frequencies for oscillations 
transmitted by the hydraulic servo-mechanism in the absence 
of discontinuities, as obtained both through simulator investi¬ 
gation of the non-linear eqn (13) and by calculation from 
eqn (20) based on a linear model of the same actuator. 


Table 1 


p.cm 

0*0022 

0-007 

0-013 

0-024 

sec~'^ (from simulator results) 

— 

960 

820 

660 

ct)cr, sec’’^ [calculated from eqn (20)] 

1060 

976 

887 

750 


It follows from these figures that the linear approximation 
to the problem is acceptable for the determination of limiting 
frequencies corresponding to the boundary at which cavitation 
takes place; the figures in the table show relatively good agree¬ 
ment. 
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DISCUSSION 


Professor Max Lelan, Great Britain 

A similar paper has been published in Biitain. It would be interesting 
to know whether the author had an opportunity of comparing con¬ 
clusions. 

In 1947 Coombes^ studied the effect of an inertial load on a hy¬ 
draulic power unit for sinusoidal motion of the piston, and established 
the conditions under which the inertial effect becomes negligible. About 
1957 Butler* gave a full mathematical analysis of the non-linear equa¬ 
tions, and about a year later Royle* obtained results of a study on an 
electronic integrator. The results and the conclusions seem similar to 
those now reported. 

References \ 

^ CooMBES, I. E. M. Hydraulic remote position controllers. /, Inst, 
elect. Engrs, 94, Pt. II A, No. 2 (1947) 

* Butler, R. A theoretical analysis of the response of a loaded 

hydraulic relay. Proc. Inst. mech. Engrs, 173, No. 16 (1959) 
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V. A. Khokhlov, in reply 

Coombes uses, as a criterion for evaluating the non-linearity of the 
equation of motion of a hydraulic power unit under inertial load, the 
deviation of the otitput element of the hydromotor from the sinus¬ 
oidal law. This paper uses another cflterion. 

Butler makes an analysis of the non-linear equation of motion of 
a hydraulic power unit and servo. However, the results obtained for 


a stepped input signal are similar in many respects to those obtained 
by Katz (reference 1 of the paper). 

Regarding the study of dynamics with a sinusoidal input signal, 
account is not taken here of the influence of variation of the sign of 
movement of the slide valve from tlie middle position on the pressure 
drop in the hydraulic cylinder. This factor, extremely important for 
the work of hydraulic servos, was taken into consideration by Royle. 
However, the first part of his study is in many respects similar to that 
of Katz in which, on the hypothesis that the liquid is incompressible, 
three ways are given to obtain an approximate solution of the equation 
of motion of a hydraulic power unit under inertial load. Both Katz 
and Royle give an evaluation of the influence of inertial load on the 
deviation from the ideal of the integrating element along the velocity 
variation curve of the working organ of the hydraulic motor. 

The first part of the paper examines the same problem, but the 
evaluation is made for the acceleration variation of the curve, since 
it is this factor which is the measure of the non-linearity of the equation 
of motion with an inertial load on the hydraulic motor. 

Royle, in the second part of his paper, gives a quantitative eval¬ 
uation of the conditions of appearance of cavitation in the cavities of 
the hydraulic motor, brought about by the existence of an inertial load. 
However, this question, which is linked with the critical mass of the 
load of the hydraulic servo (booster), was previously examined by Katz. 

It should be emphasized here that in the paper only a quantitative 
evaluation is given of the validity of the equation of continuity of the 
current of liquid (absence of cavitation) in the hydraulic cycle of the 
power unit, taking the compressibility of the liquid into account. It is 
shown at the same time that the boundary conditions of appearance 
of cavitation can be determined in engineering practice from a lin^ 
equation. 
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Mr. Evans, Great Britain 

I would be grateful if you could answer the following questions; 

r. investigation examine the effect of pliancy 

(elMticity) between the piston of the hydraulic cylinder and the load. 

cylinder and its connection to earth ? If not, is it then 
possible to draw any general conclusion? 

results of a theoretical study 
only. I should like to hear something about the confirmation of the 
results obtamed by the findings of an experimental investigation. 


V. A. Khokhlov, in reply 


*® relative to the piston or the cylinder 
relative to ea^ was not specially considered in the paper. This is 

Py^‘“‘^®r relative to earth is small, in my 
view, amd the pliancy of the load relative to the piston can always be 
t^en into consideration by introducing the concept of equivalent 
rigidity of the load and the pillar of oil in the hydraulic cylinder. 


h. theoretical. However, the following should 

^ f t®d- In the development of the electrohydraulic servo eLnined 
andfrin and pokhlovi, it was noted that at certain amplitudes 
and frequencies of the input signals the system is excited and no means 
of corrwhon can make it operative. Only release of the air which has 
accumulated in the hydraulic cylinder returned the system to normal 

why the free (undissolved) air got into the hydraulic cylinder since 
there was no entopped gas in the infed working liquid. 

w possible to explain the reason 

for the appearance of entrapped gas in the hydraulic cylinder This 
paper has formulated the conditions under which the appearance o“ 
^wtefion discontinuities of the liquid in hydraulic power units with 

^M^exchided^ **‘® ®®"‘® olfree 


Reference 


^ Kotelnikov, V. A. 

verting device for 
, No. 7 (1956) 


and Khokhlov. V. A. Electrohydraulic con- 
electronic d.c. integrators. Automat, telemech.. 
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Realization of Sequential Machines by Means 
of Pneumatic Automation 


A. A. 


Summary 

Methods of realization of synchronous and asynchronous sequential 
machines by pneumatic automatization means are described. For the 
design of asynchronous machines, methods are proposed which are 
based on the use of one, two or three ‘natural’ delays. 

Sommaire 

Des m^thodes de realisation de machines s6quentielles synchrones et 
as^chrones par des moyens d’automatisation pneumatiques son de- 
crites. Pour la conception de machines asynchrones, des m^thodes 
bashes sur un, deux ou trois retards «naturels» sont propos6es. 

Zusammenfassung 

Der Aufsatz beschreibt Methoden zum Bau periodischer und aperio- 
discher sequentieller Maschinen mit pneumatischen Schaltelementen, 
wie sie bei der Automatisierung Verwcndung linden. Fiir den Entwurf 
aperiodi^her Maschinen werden Verfahren vorgeschlagen, die auf der 
Verwendung von einer, zwei Oder drei „natijrlichen“ Verzdgerungen 
beruhen. 


Introduction 


M the last fewyears, with the design of systems and instruments for 
industrial pneumatic automation, a function component principle 
has been widely applied^. This leads to a situation in which 
pneumatic devices cease to exist as independent units. Now each 
device is a certain combination of unified elements assembled 
into a system with the help of special mounting plates. Thus one 
device is distinguished from another by the composition of ele¬ 
ments ^d by the mounting plates. Such a process of construct¬ 
ing devices, carried over into pneumatic automation from electri¬ 
cal automation, has opened up qualitatively, for pneumatic auto¬ 
mation, new possibilities (if one does not pay attention to speed 
of operation), which are close to those of electrical automation. 

After the basic elements of pneumatic automation were 
established and a technique of installing these elements was 
worked out, it became practically possible to realize any control 
laws by pneumatic means. 


In view of these conditions the necessity arose for developing 
methods of synthesizing pneumatic systems to satisfy control 
laws of one type or another. In this present work, methods of 
designing systems which pertain to the class of sequential ma¬ 
chines are investigated by pneumatic means. 

Before investigation of the methods themselves, several 
explanations are made apropos of the class of realized systems 
and concerning the type of pneumatic apparatus to be depended 
upon. 

A dynamic system determined by the equations 




( 1 ) 




TAL 


is called a sequential machine (for example see Aizerman et 
where t is the conditional time (discrete and taking values in the 
natural sequence of numbers); « (or^te), X are variables deter¬ 
mining respectively the state of input, ^e internal state, and the 
state of output of a sequential machine, and where each of these 
variables can take a finite number of different values defined 
by the alphabets q = >c (orju) « and 

^ “ {^ i 9 • • -3 -^1)3 and F and 0 are respectively and 
/-valued logical functions. The time relationship between the 
variables « and ju determined by the second equation in (1) is 
called the lag, and the designations h ^ jii* = D/n are used. 
System (1) can always be represented in the form 

The block diagram shown in Figure 1 corresponds to the 
designated characterization for the sequential machine. 



Figure L Block diagram of a sequential machine 


Table 1 


X ^ 

Qi 


Qi 


Qr 






P(?*i.er) 




P e<) 

^ (?*), Qi) 


0 Sr) 


<P(«feei) 


^ («». e<) 


P (*fe Sr) 
(»fe Qr) 


As done in the paper by Aizerman et aL, one proceeds from 
the conjecture lhat the task for a synthesized system of a sequen¬ 
tial machine is shown in Table 7, determining the logical 
functions F and <Z>. 

In addition to such a table, the condition determir 
tempo of the operation of the sequential machine r 
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be shown in the representation. The symbols 
written in the boxes in Table 1 can be interpreted in two ways: 
in accordance with system (1) it is possible to consider that they 
are the values of the variable 

or it is permissible, in accordance with system (2), to consider 
that they are the values of the variable 

In future both these inteipretations are used. 

A three-membraned pneumatic relay is the basic element 
of the discrete technique of industrial pneumatic automation. 
The principal scheme of this relay, the conventional representa¬ 
tion used for it, and its statistical characteristics are given in 
Figure 2. In Figure 3 are shown the circuits for switching on the 
pneu^tic relay for the realization of several elementary logical 
functions. In these and in all future pneumatic systems P = 
corresponds to symbol 1, and P ^ 0 atm to symbol 0. For the 
realization of the operation ‘OR’, an even simpler element is 
used, the diagram and conventional representation of which 
are given in Figure 4, 

The summary introduced of the elementary logical functions 
realized by the named pneumatic means shows that these means 
are enough for the realization of any logical function. For an 
example, in. Figure 5 are depicted the circuits of cells ‘Shaeffer 
stroke’, ‘Pierce Arrow’, ‘equivalence’, and ‘the excluded OR’. 



(a) (b) (c) 


Figure 2. Pneumatic relay: (a) Scheme; (b) conventional representation: 
and (c) statistical characteristics 


The aim of this present work is to show how, using these 
same pneumatic means (the pneumatic relay, the element ‘OR*, 
and perhaps even pneumatic resistance), it is possible to con¬ 
struct systems not only of any logical converters, but also of 
sequential machines whose operation is defined in the form 
shown above. 



Figure 4* Element ‘OR*; (a) scheme; (b) conventional representation 



..Cc) (d) 


Figures, Circuits of realizing operations: (a) ^Shaeffer streak'; 
(b) 'Pierce Arrow'; (c) 'equivalence'; (d) the excluded ‘OR’ 



Pni «0-3Psuppiy ^88?§^Pn2-Q*7P.oppiy 


Figures. Wirit^ diagrams ofpneurnatic relay for reattzoHon of: (a) repetition; (b) confunction; (e) disjunction; (d) negation; 

(e) i^xclusion; and (f) implication 
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Forced Binary Lag in Time and its Use in Systems 
of Sequential Machines 

Four pneumatic relays connected according to circuit shown 
in Figure 6 (a) form the so-called binary lag in time. The graph 
in Figure 6 {b) indicates the operation of this circuit. The two 
inputs of the cell and P have a different value: P is strictly 
the input, and P^ determines the moments of onset of times, 
that is, these moments correspond to the change of Pt from zero 
to unity. The graphs in Figure 6 {b) show that the cell works in 
such a way so that its output P' at the time of the onset time 
proves to be equal to input P, and until the onset of a new time 
remains unchanged so as not to take place at this time at the 
input. Such operation of the cell gives rise to its name ‘lag 
in time’. 

It is especially convenient to use the lag in time in the design 
of sequential machines whose tempo of operation is determined 
by a special synchronizing signal. 

The block diagram of a corresponding sequential machine 
is shown in Figure 7 (a), while Figure 7 (b) shows a block diagram 
of the binary realization of this machine. The problem of 
realizing a machine described in the form of Figure 7 {d) by func¬ 
tions F and 0 will, after variables h, A have been coded 

by binary variables />„. P^, .... P/, p„'; 

Pni . Pn<)> reduce to finding functions/i, 

Further examples show this is practically done. 

Assume, for example, that a trigger circuit with a computing 




(b) 



(c) 


Figure 6. Pneumatic forced lag in time, (a) scheme: (b) graph of 
operation: (c) conventional representation 


(a) 


(b) 



(a) scheme: (b) binary structure 


input has to be constructed. It is possible to determine its 
operation from Table 2, in accordance to which the trigger is 
an independent sequential machine with two internal states 
(pfji and « 2 ) and two states of output (A^ and Ag). The tempo of the 
operation of this machine is set by a special synchronizing 
signal Pt, by the computing input. 

Considering Table 2 as corresponding to (1), and by carrying 
out coding of the variable h, /^, and A by the pneumatic binary 
signals Pj, P^ and P respectively, one obtains Table 3. 


Table 2 


Tables 



Qi 


^2» Ag 


Xi, Ai 


From Table 3 it follows that 



Qx 

0 

11 

1 

00 

p: 

p,p 



By the formulae (3) are determined the functions / and <p, 
as well as the entire system. Thus one obtains the trigger 
circuit with a computing input as represented in Figure 8(a); 
in Figure 8 (b) are shown graphs of the operation of this trigger, 
and in Figure 8 (c), the structural diagram. 

A system for counting up to four is now constructed. Table 4 
conforms to such a system, that is, an independent sequential 
machine with four internal states and with a 

similar number of output states. The tempo of operation, even 
of this machine, is set by a synchronizing signal P<. After the 
introduction of sets of binary pneumatic coded signals Pi and Pg, 
Pi' and Pg' and Pm and P^g, one obtains the variables 
and A respectively in Table 5. 


Table 4 


X ^ 

Qi 



x^ 

«a»A2 


^ 4 > A3 

^4 

«1, A4 


Tables 


« s 

Qi 

00 

01 , 00 

01 

11 , 01 

11 

10 , 11 

10 

00 , 10 

Px'p: 
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From Table 5 one jSnds the functions ^,/2 and(pi,^ 2 * 
They will have the form 

Pm ^ Pil Piii^Pz 
The block diagram of (4) is given in Figure P. 


In a similar manner systems of dependent sequential machines 
are built using the lag, the tempo of operation of which is 
determined by a special synchronizing signal. If a system is built 
on lags for the case when the synchronizing signal is absent in 
the initial data, then it proves necessary, according to the given 
conditions of the onset of times, to form a synchronizing signal 
in a special device (a clock) which of itself can also be a sequen¬ 
tial machine. 



(b) 



NO 

h 



(c: 

\ 


Figure 8. Trigger with forced lag, (a) Pneumatic scheme; (b) graph of 
operation; (c) structural scheme 


Moment 
of toad 



Figure P. Structural scheme of an evaluating device 


A Natural (Self-operating) Binary Lag and its Use in Systems 
of Sequential Machines 

The schematic drawing shown in Figure 10 (a\ containing 
pneumatic resistance with capacitance (inertial component) 
at the input at the element ‘YES’, can be investigated as a system 
of the original lag in time, in which the onset time is determined 
either by the time of change of the state of input [see graph in 
Figure 10 (^)] or by that circumstance which took t sec from 



1 2 3 45 6 7 8 91011 12 
(b) 



(c) 


Figure 10. Natural lag; (a) Pneumatic scheme; (b) graph of operation; 
(c) conventional representation 

the moment of onset of the previous time. It is assumed that the 
changes of input states take place no more often than in the 
space of T sec. The time lag t is called the characteristic time 
of lag. It is particularly convenient to use a lag of this type for 
constructing systems of sequential machines, the tempo of 
whose operation is determined by each change in input state. 
Accordingjy it is necessary to use a special method®. 

In this case for a machine, described by functions F and 0 
in the form of Figure 1 (a), a realizing* machine is found which is 
based on natural lag in the form of Figure 11 (a). 

Another variant of such a method is used later which in 
form is close to Huffman’s method. 

Now an investigation of the method is conducted as an 
example. 

Let Table 6 correspond to the realized sequential machine, 
and the tempo of operation of the machine is determined by the 
times of change of input states. 

A table is set up of another sequential machine having the 
same input and output states, but new internal states The 
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(a) (b) 




Figure 11, Block diagram of a sequence machine with natural lags: 
(a) scheme; (b) binary structure 


Table 6 


X ^ 

Qi 

Qi 




Xi, A 2 

«i,Ai 



Aj 

^ 3 , A 2 

«3 

Xi,Ai 

Aj 

^ 2 » ^2 


number of symbols in the alphabet of variable is taken as 
equal to the product of the number of symbols in the alphabets 
7c and Qy that is, x\} is taken as the example. 

Table 7 of the new sequential machine, having three columns 
^ 3 ) i^ows ^^ 9 ), is filled up in the following 

manner. The table is divided into as many levels as the input has 
different states—in this case, into three levels. Whereupon, on 
each level, there prove to be as many rows as there were in the 
initial table, that is, three rows. In the supplementary column 
on the far left are written the previous symbols « 2 , «s. Their 
disposition is repeated on each level and corresponds to the 
initial Table 6, The boxes of the first level are filled with sym¬ 
bols «?, repeating the entrance column of Table 7, and with the 
symbols A, repeating their disposition in column of the initial 
Table 6, In a similar manner the boxes of column of the 
second level and of column ^3 of the third level are filled in. The 
symbols written in the boxes are underlined. The remaining 
boxes are filled in with symbols only, and this is done in the 
following way. 

In the free boxes, for example of line of the first level 
of Table 7, are written the symbols standing in the corresponding 


Table? 


X 

e 

Qx • 

^2 

Qy 

Xi 





X2 





^3 











V 

«3^ 



«3 






Xjl 



^ Ai 

X2 


«3^ 


X^\ A 2 

«3 


x^ 


A 2 


columns and in lines of the second and third levels, that is, 
symbols «^ 5 .and y^^. This is determined by the fact that in box 
Qi of the resulting Table 6, the symbol x^ is written. All the 
other free boxes of Table 7 are filled in analogously. 

The sequential machine corresponding to Table 7 and operat¬ 
ing in the tempo of natural (self-operating) lag will, for the same 
reasons as were introduced in another paper^, reproduce by its 
own equilibrium conditions the resulting machine described 
in Table 6 and operating in the tempo of the change of input 
states. The conformity between initial states is established with 
the help of columns x^ and x of Table 7. 

Before composing a pneumatic system corresponding to 
Table 7, there follows the need, if possible, to condense Table 7, 
which leads to a reduction of the apparatus used in the realiza¬ 
tion. It is convenient to conduct the condensation in two stages. 
At first are found the lines with the identical filling in of the 
corresponding boxes by the symbols and A, whereupon 
the difference in the symbols x^ underlined is not taken into 
account. 

In our case the lines x^^ and y^^ will be such lines. The states 
corresponding to these lines can be combined into one which 
leads to Table 8. During the reconstruction of the table 
the relationship between the variables x^ and x^ is used, the 
relationship established by the two special columns of Table 8, 


Tables 


X 



Qi 

62 

^8 






xp 

«2 

«2^ 


X^X 2 

xJL 


«3 




a«n 





X^ 

x^^Xi 


X2 x^ 










xp- 


X2 


«a" 



xpx^ 

«3 

^ 9 ^ 


’‘a" 


xPJ^ 


Table 9 


yi 

x^ 

9^ C 

Qx 

Q2 

Qz 


X-^ 

xp^ 

x^ Aj 

X^™ 

X,™ 

«2 


xP^ 


x*™ 

xpi 

«3 


xain 

x.™ Ai 

xp^ 

xp^ 



xp! 

xp^ 

xP^Xa 

xP^X^ 

X 2 X 2 

xP 

X,™ 

Xa™ 

x.in Aa 

x,ni 

X 2 

xP 

xm 

«a“ 

x,“ 

«a™ ^2 

«3 




x^m 

xP^ Ag 


The second stage leading to the condensation of the table, 
consists in finding lines all the boxes of which are filled in with 
identical symbols In the case of Table 8, line x^^ and 
line ar® such lines. The states corresponding to these 
lines can also be combined. Whereupon Table 9 is obtained, for 
the formation of which columns and are used. Accord¬ 
ing to Table 9 as obtained, a pneumatic system can be set up, 
taking into account that each pneumatic element integrally 
contains natural lag. 
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The coding of the variables q, and 2, is carried out 

by introducing pneumatic binary signals. Taking into account the 
number of symbols in the alphabets of the coded variables, one 
assumes PuPig,= = A=Pn. 

Whereupon from Table 9 one obtains Table 10, by which the 
pneumatic system is determined on principle, that is, according 
to the table the logical functions can be compiled. 


Table 10 



00 

01 

11 

000 

000 0 

100 

101 

001 

001 1 

on 

01 1 

010 

010 0 

on 

oii 

01 1 

000 

on 1 

01 1 0 

100 

010 

100 0 

no 

101 

010 

100 

101 1 

1 10 

001 

100 

no 1 

Pl'P.'Ps' 


•^1-^2-^3 

^ 1 ^ 2 ^3 


(^1 > ^2 >Ps > Ptl, Pis) Pj — (Pl^ P2^ Pa^ Pll, Pis) 

Ps = /s (Pi'. Pt, Pa'. Pii. Pis) Ptl= V (Pi'. Ps'. Pa'. Pli. Pis) ‘ 


However, for this example, the solution is not worked out for 
the spedfic type of formulae (5) or for the system corresponding 
to them, since without special measures the system constructed 
according to Table 10 would be ineflScient on account of the 
so-called critical race between the elements of the system. The 
question of constructing a system that is protected from the 
race is outside the scope of this present work. 

Before drawing up the system, another simpler example is 
introduced which also illustrates the described method. 

Using the proposed method, a pneiunatic trigger system is 
constructed, taking input into account. In this case the trigger 
is investi^ted as a dependent sequential machine having 
two input states, two internal states, two ouq>ut states, and 
operating in confomnity with Table 11 under the conditions that 
the tempo is determined by each change of the input state. 


Table 11 



Qi 

^2 



« 2 » ^2 


^ 2 » ^2 

^1 


In agreement with the method described, according to 
Table 11 of a realized machine, a table is constructed for a 
machine operating at the tempo of natural lag. Whereupon 
one obtains Table 12. 


Table 12 



e 

ei 

Q2 



>^1 


«3 



y '■ 



«2^ 

A2 

^2 



^ Aa 


The table obtained proves to be non-condensable. The coding 
is done later in this paper. It is assumed that p = P*; = Pi' Pj' 
= P iPs, A =“P. Whereupon Table 12 will take the form of 
Table 13 

Table 13 



0 

1 

00 

00 0 

10 

11 

11 1 

01 , 

10 

11 

J_0 1 

01 

00 

01 0 

p ' p ' 

PxPtP 

Pi P 2 P 


and from it follows: 

Pi=(PiAP,)v(PiAPi) 
P 2 =(PiAP,)v(PiAP.) ( 6 ) 

P =Pi . 

In Figure 12 the system corresponding to ( 6 ) is given. 



Hgure 12. Pneumatic trigger with natural lags; (a) scheme; (b) block 
' diagram 
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Supplementary Natural Lag in tlie Input Line of a Realizing 
Sequential Machine 

The ‘reproduction’ of the states of the machine is connected 
with the realization of the given sequence machine at natural 
lags. It is natural to look for such means which will allow as far 
as possible the reduction in the number of states in a machine 
realizing the given machine. Different methods of condensing 
the table of a realizing machine are relative to these means, 
methods which lead to a search for a minimal realizing machine®. 
In the investigated example in particular, where the realization 
of machine of the given Table 6 was talked about, a minimal 
realizing machine was approached with seven internal states. 


(a) (b) 



Figure 13. Block diagram of a sequence machine with natural lags of 
two types: (a) scheme; (b) binary structure 

It is now shown that the number of states of a realizing machine 
can be further reduced if in the system of the realizing machine, 
apart from the natural lag Tq in the feedback circuit, yet another 
natural lag Tj is used in the input line ol the machine {Figure If), 
This situation is mentioned by Aizerman et al,^ who also 
showed that along with this the number of internal states can 
be made limitingly small and equal to the number of different 
output states at that input where this number is greatest. 

However, the assertions by Aizerman et al,^ are based on the 
assumption that Tq and can be made equal, which is not 


practical, of course. Now starting from the simple realized 
condition > Tq, it is shown that, given this, the number of 
states of a realizing machine can be reduced but not necessarily 
to the limit. The example of the initial Table 6 is investigated, 
and according to it Table 14 is compiled analogous to Table 7. 
But due to the inclusion of the lag Xx into the input line of the 
machine and to the appearance due to this of a new variable 

Q'={Qi, Q2,Q3}> 

Table 14 will have not three basic columns, corresponding to 

but nine columns corresponding to 

c' e = {eifii. QiQz. QiQ 3> QiQu QzQz, QzQzy esfii. QzQz. QiQz}- 

The columns eifii, e,?, and are distinguished by the 
underlining of these symbols. It is convenient to construct Table 14 
on the basis of the already constructed Table 7, This is done in 
the following manner. The frame for Table 14 is prepared with 
nine rows and with nine columns q*q ; as in Table 7, Table 14 
is divided into levels, and besides this it is also divided into 
vertical bands so that columns with identical q relate to the 
same band. Thus Table 14 is obtained consisting of three levels 
and three vertical bands. Thereupon the filling in the boxes of 
the first (upper) level of Table 7 is carried over completely into 
the boxes of the level of the first 0®ft) band of Table 14\ the 
filling in of the boxes of the second level of Table 7 into the 
boxes of the second level of the second band, and the filling in 
of the boxes of the third level of Table 7 into the boxes of the 
third level of the third column of Table 14, Further on several 
boxes of the table in columns not containing symbols in 
circles are filled in. For this the symbols of such columns are 
carried over within these same colunms into the boxes cor¬ 
responding to the rows with the same value as the ^ symbols, 
for example the symbols h\ and standing in column ^ 1^2 
are carried over into the boxes of the fifth and fourth lines. 
The other boxes in Table 14 remain unfilled. 

Table 14 thus filled determines such a sequential machine, 
constructed on natural lags Tq and Tj, which, if one follows its 
equilibrium states, operates as the initial one given in Table 6, 
In order to illustrate this, one follows the operation of the 


Table 14 
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machine during its transition from an equilibrium state 
into a new equilibrium state caused by the input state pj- At 
first, looking in column Q 1 Q 2 for the state into which the machine 
passes in Tj sec, this state is shown as Xj, whereupon in Tq sec 
Ae machine proves to be in the equilibrium state as well as 
in (tj — Tq) sec QiQ^ changed into pjgj without change in the 
internal state of the machine. This all leads to the fact that the 
machiiie proves to be in the stete *|, q^, Aj, and this corresponds 
to the initial Table 6. The same problem is solved by construc¬ 
ting Table 14 as was solved by constructing Table 7. But Table 14 
can l^d to the construction of a more economical realizing 
machine, that is, having the same number of states it pro¬ 
vides better possibilities in relationship to condensation. In this 


machine with the second lag {Table IS) cannot be cut down 
and, as does Table 12, contains four lines. This mftans that 
lag Ti does not give an effect in this case. 

A Realizing Sequential Machine with Two Supplementary Natural 
Lags ^ the Liput Line and in the Feedback) 

%e most economical, in terms of a number of states in a 
realizing machine, is a system with three natural lags. One 
(To) is Ae basic lag of feedback, the second (tj) is the lag in the 
input line, and the third (t^) is the supplemental lag of feedback, 
whereupon Tj > (Figure 14). Given such a system, the 

number of states of a realizing machine proves to be equal to 
the number of states in the given realized machine. 


TabklS 


7 C 


s'q 

Qi Qi 

QiQz 

61 

62 Qi 

g2 g2 

Qz 

QzQi 

Qz Qz 

QzQz 

«i 

Xgl X«I 

x,n 

XgD 

x^A, 

Xg°Ag 

*2“ 


x,n 

x,n 

Xg^Ag 


XgH 




X^^Xgl 


^A, 

XgD 



XgHAi 

XgH 

xIh 



»2 

«,I 

■ V 

x,n 


x,n 

x^n 



XgH 

XgH 

x,n 

x^Xt 

«6°Ag 


Table 16 


X 

xi e'e 

Qi Qi 

@1 Qt 

^2 

6z Qz 



«i^Ag 

«3^ 



«2 


^Ag 

Xgl 







Xgl 


«2 



Xgl 

X,I 

Ag 


case, the follovnng rows can be combined into Table 14: xj and 
> 4 , ><6 and xj, xj and xj. 

After this, one goes to Table IS, which contains only six 
lines. The technique of reconstructing Table 14 into Table 15 
is the same as that used in reconstructing Table 7 into Table 8. 
The result obtained shows that the use of the second natural 
lag Ti in the input line permits a reduction in several cases in 
the number of states in a realizing machine. However, this is 
not always attained. For example, for the trigger, for which a 
representation is given in Table 11, the table of a realizing 



Further on is set forth a method of compiling a table for 
a realizing machine. In this table, apart from the variables 
= DriQ, n,x=‘ D,^ft and A, the variable x = D^^ft will 
also figure. As in the previous sections a method is set forth as 
an example of the sequence machine given in Table 6. 

The table for the realizing machine {Table IT) will contain 
twice as mwy columns and rows in comparison to the initial 
table. In this case, it will have six columns and six rows marked 
as is Shown in Table 17. 

In filling up the boxes of the table four quadrants are 
discomible in it. In the box of the upper right quadrant are 
inscribed the symbols x in the same order as they were laid 
out m the initial Table 6. In the boxes of the remaining quadrants 
^e inscribed the symbols x coinciding with the value x in the 
line, whereupon in the lower right quadrant the boxes are filled 
in in such a way so that th^e will not be any non-recurring 
symbols in one coliunn in the right lower and upper quadrants. 
This aUows several boxes in the lower right quadrant to remain 
empty. In the boxes of the upper left quadrant are inscribed in 
addition the symbols A in the same order as they were laid out 
in the initial Table 6. 

For an illustration of the fact that Table 17 determines a 
realizing sequential madiine working (if one watches its equili¬ 
brium state which occurs at one) it is found that, according to 
Table 17, the equilibrium state which occurs at the input q^, 
if the machine was in the equilibrium state Xj, A^ up to this 
time. The box pipj - x^x^ corresponds to the state Xj, p^, Aj; 
at the moment when pj changes its value to pj, the box p^p^ - 
XjXj, in which was inscribed the symbol Xg, will correspond 
to the machine. This means that in sec the maohin<». will 
arrive at the state determined by the box p^pg — XjXg and will 
remain in this state for another (Tj — Tg) sec, and upon the 
expiration of that time the lag will operate at the input of the 
machine wd box pgpg — XgXg will correspond to the machine; 
the machine will remain in this state another (zg — Tj) sec, after 
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which the natural lag will operate, and the machine will arrive 
at a new equilibrium state determined by box in 

which the symbol is inscribed. Thus x^, ^ 2 * h correspond to 
the new equilibrium state, and this coincides with initial Table 6. 

Now this method is investigated as an example of construct¬ 
ing a trigger (Table 18) bringing it up to pneumatic realization. 


Table 18 



ea 






h 


In this case Table 19 is obtained for the realizing machine. 
Going on to pneumatic realization, the following coding is 
carried out. Assume that 


Table 19 


«« 6'e 

Ql Ql 

^2 ga 

Q2 

62 Ql 

«1 



Xi 



»2 ^2 

^2 ^2 









«a 

«2 

«2 

«2 


Table 19 in this case converts into Table 20, from which it 
follows that 


Pl=(PiAi>;AP,)v(Pl'AP;AP,) 
p =pi 

Table 20 . 


XX ^ ^ 

00 

n 

01 

10 

00 

0 0 

0 0 

0 

1 

11 

1 1 

2 1 

1 

0 

10 

0 

0 

0 

0 

01 

1 

1 

1 

1 

p;'p; 

plp 

p,p 

Pi 

Pi 


In Figure 15 is given the system corresponding to (7). 


Conclusions 

Given the design of pneumatic systems of sequential machines 
as given by tables of a machine, it is possible to use several 
methods to establish the conditions determining the beat tempo 
of operation. 

1. If the tempo of operation of a machine is determined by 
a special binary (synchronizing) signal, then, in order to con¬ 
struct the system, it is possible to use a pneuinatic element 
of positive lag in time. 

2. If the tempo of operation of a machine is determined by 
any change in the input state, then the system can be constructed 
either by using natural lag Tq in the feedback of the system, or 
by using the indicated lag Tq and ^besides this still ano^er 
naturd lag in the input line (whereupon > Tq),* or finally 



Figure 14. Block diagram of a sequence machine with natural lags of 
three types: (a) scheme; (b) binary structure 



(a) 



(b) 

Figure 15. Pneumatic trigger of natural lags of three types: 
(a) scheme; (b) block diagram 
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by nieAns of using, in addition to the two stated natural lags, 
still another natural lag in the feedback line (whereupon 

^^2 > > To). 

The use of two lags (t^ and To) sometimes leads to a reduction 
m the number of states of a realizing machine and then it is 
adA^ble. The use of three lags (t^, Tj. and To) always permits 
himti^ the reduction of the number of states of a realizing 
nuchine and making it equal to the number of states of the 
given machine; in this sense it is always justified. 

In the report, methods for constructing systems for all four 
cases are set forth, for the case of the use of a positive lag 
m time and for cases of the use of one (tj) two (t^ and To) and 
three (Tg, t^, and To) natural lags. 

The methods introduced for applying them to the design. 


not of pneumtic systems but of any other systems, undergo 
change only in the very latest stage (beginning with coding) but 
completely retain their validity in the rest. 
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DISCUSSION 


H. &ND^ and H. Toepfer, Deutsche Akademie der Wissenschaften, 
Dresden A 20, Thormeyerstrasse 10, Germany (DDR) 

The German Academy of Science (East Berlin) has developed pneu¬ 
matic units, which can be used for the design or combination of 
sequential devices. A paper concerning these units has been presented 
dming the International Colloquium at Ilmenau in 1961. The design 
principle of these units is no longer analogue. I would like to give 
some further information concerning the development of logic pneu¬ 
matic devices by Dr. Tdpfer: they have been built with a double 
inembrane with two flat fits and their operation method resembles that 
of the double piston motor. 

The advantages of these element can be enumerated as follows: 

(1) No continuous air consumption and thus only small auxiliary 
energy needed (this abolishes the need for outlet throttles). 

(2) The air flow of one element is as high as 20001/n (no power 
amplifiers are needed for industrial applications). 

(3) Very short response times from the order of 10-» sec are attain¬ 
ed, due to the high air velocity and the very small volumes. 

(4) Concerning the reliability of these units, research tests show 
that these elements have withstood 3-8 x 10* operations, in continuous 
as well as in systematically interrupted application. 

(5) For auxiliwy energy, uncleaned air from the compressor can 
be used, the experiments in (4) being performed under these conditions. 

( 6 ) Complete control for machine tools has been investigated and 
worked satisfactorily for 8 months. 

(7) With the same elements a system with base plates without 
interco^ections has been built, which allows the design of devices in 
a building block manner without pipelines. 

J. L. Shearer, Pennsylvania State University, University Park, Pa., 
U.S.A. ** 

1 would like to ask the following questions: 

(1) For the unit which was half the size of a match box (1 x 3 x 2 5 
cm) was it of the type with moving parts (diaphragm, etc.) or the type 
without moving parts Get relay, etc.) ? 

(2) How big, or how small, is the jet relay type? 

(3) At what pressures are the jet relays operated? 

A. A. Tal, in reply 

The answers to Professor Shearer’s questions are as follpws: 

(1) The unit was of the type with moving parts. 

( 2 ) The jet relay type is the size of the head of a match (2 x 2 x 

2 mm). 

(3) The jet relays are operated at pressures ranging from O’l m 
H 2 O to 3 or 4 atm. 

V. Hjetala, Valmet Oy, Valmet Oy Tampere, Finland 

Mr. Tal*s paper deals only with the theoretical side of the question, 

leaving only one short paragraph to explain the material side. There¬ 


fore, I should like to ask if the author could give some details on the 
physical characteristics of the pneumatic relays used, for instance the 
following: 

(1) The pressure Ipvel used. 

(2) The frequency range obtained. 

(3) The mechanical properties of the membranes, durability etc. 
A. A. Tal, in reply 

In the pneumatic relay equipment mentioned in the paper, use is made 
of the customary pressure for industrial pneumatic automation, i.e. 
0-1 *4 atm. This equipment enables one to work on frequencies not 
exceeding 2-3 tenths of a cycle. 

The rubber-cloth diaphragms used in the elements withstand a load 
of 40-50 Me. 


A. E. Mitchell, LBM. Research Laboratory, Sdumerstr., Ruschlikon 

Zh., Switzerland 

Professor Aizerman has read a most interesting paper on the design 
of pneuinatic digital systems. I would like to ask some questions on 
meir realization and use in practical industrial systems. 

Could Professor Aizerman tell us 

( 1 ) Whether these elements have been used and if so, in what type 
of system? 

(2) How many elements have been built or coupled into one 
inteigral unit? 

(3) Have you considered using other types of element for pneu¬ 
matic digital systems ? For example, spool value logic or devices which 
have no moving parts, which have currently created much interest. 

(4) How does the cost and reliability of these compare with 
electronic systems? 

(5) How long is the maximum transmission line ? 


A. A. Tal, in reply 

Elements of pneumatic relay equipment are widely used in industrial 
automation relay systems and in particular in centralized monitoring 
and control systems. 

The circuit of one digit of the digital summator contains five 
pneumatic relays and three passive ’OR* elements. Of pneumatic 
reky elements of other types we consider most promising elements 
without moving and elastic components (string). 

The pneumatic relay elements discussed in the paper are more 
reliable and cheaper than corresponding electrical and electronic 
analogues. 

Signals formed in pneumatic relay devices can be transmitted 
up to 300 m. 
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Two-positional Functional Frequency Device 
for Automatic Regulation 

LA. MASLAROFF 


Summary 

This paper presents some researches on the improvement of the regu¬ 
lating quality of small rate monotonously varying processes by the 
two-positional method. An interrupted two-positional regulation is 
used for the purpose, while adding to the regulated object fixed equal 
portions of the unit utilized, in the form of impulses. The duration of 
the impulses is previously adjusted depending on the object to be regu¬ 
lated. In choosing a proper functional relation of the duration of the 
intervals between the impulses and the disharmony of the unit to be 
regulated, there is a probability for reducing the fluctuations. It is 
proved, that the additional fluctuations, due mainly to the delay by 
this method, could be reduced by half. 

An electronic device is constructed, operating according to the 
functional-frequency method and a block scheme of the device is 
presented. This device has been tested for regulating the concentration 
of chemical solutions as well as for temperatures. The recording of ' 
diagrams by an electronic potentiometer for the temperature variations 
of a definite object, regulated by both the ordinary method and by the 
functional-frequency device, are presented for comparison. The high 
qualities of the device proposed are evident. 

The application of this device is particularly effective for the regu¬ 
lation of objects which hardly allow any fluctuation stabilization by 
using a negative reverse connexion on the first and second derivatives 
of the unit to be regulated. 

Sommaire 

Get article prdsente quelques recherches sur Taih^lioration de la quality 
de la regulation par la rndthode k deux positions pour des processiw k 
variation lente et monotone. On utilise dans ce but une regulation 
d*interruption e, deux positions cependant qu’on ajoute k Tinstallation 
regiee des portions egales et fixes de I’unite utilisee, sous forme d*impul- 
sions. La duree de ces impulsions est prealablement ajustee suivant 
Tinstallation k regler. En choisissant une relation fonctionnelle appro- 
priee k la duree des intervalles entre impulsions, il y a une certaine pro- 
babilite dereduireles fluctuations. Onmontre .quedanscettemethode 
les fluctuations additionnelles dfles principalement au retard peuvent 
8 tre reduites de moitie. 

On cohstruit un appareillage eiectronique fonctionnant selon la 
methode de frequence fonctionnelle et Ton presente le schema fonc- 
tionnel. Ce systetne a ete essaye pour regler la concentration de solu¬ 
tions chimlques ainsi que les temperatures. L’enregistrement par un 
voltmetre eiectronique des diagrammes de variations des temperatures 
d*une installation precise regiee k la fois par la methods ordinaire et 


par le systems k frequence fonctionnelle, sont presentes k titre de com- 
paraison. Les hautes qualites du second sont dvidentes. 

n est particulierement efficace d^appliquer ce precede k la regula¬ 
tion d’installatior.s qui rendent difficile toute stabilisation des fluctua¬ 
tions, en utilisant une contre-reaction sur la premiere et la deuxieme 
derivees de I’unite k regler. 

Zusammenfassung 

Der Aufsatz enthfilt einige Untersuchungsergebnisse fiber die Verbes- 
serung der Regelgfite von monoton langsam verfinderlichen Regel- 
strecken mit Zweipunktregelung. Es wird ffir diesen Zweek eine aus- 
setzende Zweipunktregelung verwendet, wobei die Regelstrecke stets 
gleiche Mengen des Stellstromes in Impulsform erhalt. Die Impuls- 
dauer laBt sich voreinstellen und h^ngt von der Art der Regelstrecke 
ab. Die geeignete Wahl eines funktionellen Zusammenhanges der 
Intervall§.nge zwischen den Impulsen und der Regelabweichung er- 
laubt es, die Regelschwingungen zu vermindern. Es zeigt sich, daB man 
die zusfitzlichen Schwingungen, die bei diesem Verfahren vor alien 
Dingen von den Verzbgerungen abhangen, auf die Htlfte verkleinem 
kann. 

Ein elektronisches Gerat, das nach dem hier beschriebenen Ver¬ 
fahren arbeitet, wurde gebaut; das Blockschaltbild des Gerfites ist dar- 
gestellt. Sowohl fur die Regelung der Konzentration chemischer Ldsun- 
gen als auch zur Temperaturregelung fand dieses Gerfit Verwendung. 
Ein Vergleich zwischen der Regelung nach der ublichen Methode und 
nach dem hier beschriebenen Verfahren wird an Hand von Registrie- 
rungen der Temperatur^derungen einer bestiinmten Regelstrecke mit 
Hilfe eines elektrischen Potentiometers durchgefuhrt. Die guten Eigen- 
schaften des hier vorgeschlagenen Gerates sind offensichtlich. 

Die Anwendung dieses Gerfites ist besonders ffir die Regelung von 
Strecken nfitzlich, bei denen mdglichst keine Schwingungen auftreten 
soUen, wobei zur Stabilisierung die erste und zweite Ableitung der 
RegelgrbBe zurfickgefUhrt wird. 


Introduction 

The complicated character of the technological processes has 
developed in parallel with other research methods of ascertaining 
ways of improving the qualities of the two-positional method 
for regulation. The simplicity of the device and the low price 
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of the required elements have not detracted from its significance. 
From all published literature on this subject the extensive work 
of Campe Nemm^ is particularly noted. The author analyses 
the existing methods of reducing the fluctuations of the unit to 
be regulated: increasing the extent of current; the use of cut-off 
two-positional regulation; and the introduction of inverse 
connections on the first and second derivative, etc. 

This paper gives some results of the methods undertaken to 
improve the two-positional regulation by changing the frequency 
of the Influenced impulses. The methods are mainly directed 
towards decreasing fluctuations of the unit to be regulated. 


The Essence of Two-positional Functional Frequency Regulation 

The present survey refers to the monotonous varying 
processes of a unit wi^ a comparatively small changing rate 
of regulation and the form of the equation to be used: 

( 1 ) 

The principle of two-positional functional frequency regula¬ 
tion consists in the addition to the object of previously fixed 
identical portions of the utilized xmit in the form of impulses. 
The frequency of ^hese impulses depends on the difference AA 



between the given and actual value of the unit to be regulated. 
Initially the influence of the net delay in the system is neglected 
in the survey. 

Figure 1 shows the change of the unit to be regulated. 
During the time of impulses it is determined by: ^4 = ^4^, 
(1 — e“^/^) and during the pauses, by: 

(/ == 0, ^ — Ajc). These two expressions are the integrals of (1) 
in the presence and absence of current. In such cases, at the end 
of the impulses and pauses, the unit to be regulated will be 
determined by: 

A2=Ai 



Figure 2 

By using the method of full mathematical induction, we 
determine that the value of the unit to be regulated after n 
consecutive cycles (impulses and pauses) will be equal to: 

n 

, - S [»».+(«-«) m/r 

and after n + 1 serial impulses: 


r „ - E {<»+[»-(<»- 

1+ E e 

<1 = 1 

Eqns (3) and (4) show that by changing the duration of 
pauses one can effectively influence the unit to be regulated. 
In order to obtain the regulation we need the functional relation 
t = <PiAA), at which the time of the pause will increase with the 
decrease of the magnitude of the difference AA. Such a depend¬ 
ence may be realized simply by introducing the exponential 
block in the scheme of the regulator {Figure 2). 

The equation characterizing the work of this scheme is: 

The time constant of the exponential block of the scheme must 
be much smaller than the time constant of the object. 

Then at A A = const, the time of the pause is equal to: 


t = Tiln 


kAA 

kAA-B 


( 5 ) 


Eqn(5) shows large values of the difference when the 
percentage change in the pause time is insignificant. At an 
established regime when there are small values of the difference 
between the given and actual values of the unit to be regulated, 
the time of the pause is determined only by the parameters of 
the object (r> Tj) where the delay due to the regulator is 
slightly neglected in comparison with the common time of the 
pause. In such a case the time of the pause is determined taking 
into consideration that the consecutive fluctuations of the unit 
to be regulated at a determined regime are also equal: 


S<4' = S4" (6) 

where. 

=-^2ii + l""-^2n+2> + 2 

Since 

*^2»» + 3—^^^^) + ^2rt + 2® 

^2ii+2 = '<42„ + ie 
the time of the pauses is equal to: 




^ 2 n+l 


A 


211 + 1 ' 




( 7 ) 
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By exerting an influence on the coefiicient of amplification 
and the internal limit of putting in motion B of the scheme it is 
always possible to receive an equalization of the maximal and 
given values for the unit to be regulated. Then eqn (7) is modified 

A 






(7a) 


The maximum value of the fluctuations of the unit to be 
regulated is given by: 

( 8 ) 

Eqn (8) shows that by decreasing the duration of the impulse 
ti the fluctuations of the unit to be regulated may be most effec¬ 
tively reduced. The coefficient of amplification k may be deter¬ 
mined at a previously chosen value B of the limit out of the 
duration of the impulse. 


Influence of the Net Delay on the Two-positional Functional 
Frequency Method for Regulation 


Usually, the effect of the delay which increases fluctuations 
of the unit to be regulated is shown in the systems of the type 
examined. In the following it is proved that the influence of the 
net delay upon the value of fluctuations may be substantially 
decreased using the functional frequency method for regulation. 
Actually Figure 3 shows that the additional increase of fluctua¬ 
tions dAjt which follows from the delay of the system, is equal to: 


With the usual two-positional regulation, the delay increases 
the fluctuations of the unit to be regulated in the direction of its 
decrease, as well as in the direction of its increase. These addi¬ 
tional increases are of the same order. 

It follows that with functional two-positional regulation the 
fluctuation of the unit to be regulated increases in the direction 
of its decrease and because of this the received additional 
fluctuation is about twice lower. 

The total value of fluctuations is: 

If it is accepted that SA = SAj,, then: 


^=1 + 




ti/T 


( 11 ) 


From eqn (11) some conclusions can be drawn for deter¬ 
mining the parameters of the system to be regulated. 


It is evident that at considerable values of the time of delay 
2 d t it is apt to accept i.e. to use strong impulses. 

However, at small values of it is apt to accept Ag^ Ag, i.e. 
the impulses will be comparatively weaker. 

From eqn (8) two fundamental parameters for the regulation 
may be determined—^the internal limit for setting in motion B 
and the coefficient of the earlier amplification k. These para¬ 
meters may be easily changed into parameters to be regulated 
in large limits, depending on the requirements of the object 
to be regulated. 

Constructive Data of the Device for Functional Frequency 
Regulation 

The device uses a vacuum-tube scheme {Figure 4) consisting 
of a measuring part 1, amplifier 2 and an integral group 3, 
two channels for constant current amplifiers 4 and 4' and an 
executive trigger 5. It differs from Figure 2 by the use of 
a second channel for the constant current amplifier 4', which 




Object 





Figure 4 


is included in a circulating chain of the integrating group and 
the base constant current amplifier 4. Its purpose is to accelerate 
the process for establishing the regime. When there are many 
large values of AA the output voltage of 4' passes through the 
logical scheme TF’ 6 and sets in motion the executive trigger. 
In this way the scheme works as an ordinary two-positional 
regulator. Placed in a regime, close to the one established, the 
output voltage of the second channel is not in position to set 
in motion the executive trigger, and the device works like a 
functional frequency regulator. 

In parallel with the passing of each impulse from the trigger 
exit 5 to the object 7 the signal for clearing the integrating chain 
is simultaneously passed through an internal link. 



Curve 1—Change of the regulated unit in close proximity to the source 
of the impulses 

Curve 2—Change of the regulated unit in the field of the sensitive element 


Experimental Data 

Initially the device was constructed and tested for regulating 
the concentration of solutions. Conductive transformers linked 
by a bridge scheme with temperature compensation were used 
as a measuring device*. 

The executive trigger exerts influence on an electromagnetic 
valve which adds a drop of concentrate to the solution at each 
impulse. The results obtained at the time of regulation were 
very good. 

* Eng. D. Detcheva took part in the computing of the construction 
of the device 


605 



I. A. MASLAROFF 


The device is used to regulate temperature, and for this the help of an electronic potentiometer. Tt is seen that the quality 

purpose the executive trigger is replaced by a delay multivibrator. of regulation with the functional frequency method is much 

The time of the impulse may be regulated at will by changing better than that of the ordinary two-positional method, 
the parameters of its device. Figure 5 shows the diagrams of 
temperature change of one and the same object, recorded with Conclusions 




Figure 5 

{a) Change of temperature by using a contact thermometer for regulation 

(/;) Change of temperature by using functional frequency regulation 
of the object 


1. The two-positional functional frequency device for 
regulation allows the possibility of decreasing the llucluations 
of the unit to be regulated, particularly those emerged out of 
the delay in the system. 

2. By the character of its work, the device approaches the 
statistical regulators. 

3. The devices for regulation can be realized by using 
practical simple means. 

4. The test results prove the expedience of using this method 
for regulation in many cases. 

Nomenclature 

C Coefficient of the generalized capacity of the object to be regulated 
A The unit to be regulated 
Ay Fixed value of the unit to be regulated 
Ag Given value of the unit to be regulated 

AA Difference between the given and actual value of the unit to be 
regulated 

Q Generalized quantitative index of the process 
bA Variation of the unit to be regulated in the period of one impulse 
or pause 
t Time 

ti Time of the impulse 
At Time of the net delay 
n Number of the impulses 
T Time constant of the object to be regulated 

Time constant of the exponential block of the scheme 
B Internal limit for setting in motion the acting block of the scheme 
k Coefficient of amplification 

Reference 

^ CAMPti Ni-mm, a. a. Two-positional automatic regulation and 
methods of improving its characteristics. Thermoenergica! and 
Chemicotechnological Devices and Regulators, 1961. Moscow- 
Leningrad; Mashgiz 
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Summary 

This paper deals with a new component for the stabilization of control 
circuits provided with the new amplifier ‘Autodyne’ to maintain their 
load current constant. The necessity of applying a further device for 
damping the transient phenomena is theoretically justified, and the 
disadvantages of the devices adopted up to now in similar cases by 
the classical means of automatization (e.g. increase in machine 
dimensions, adoption of additional devices, diminution in reliability) 
are reviewed. The object is to realize the functions effected until now 
by three devices (current transformer, amplifier, stability winding) by 
one single part installed into the machine, but without increasing its 
dimensions. This problem is solved by a suitable winding, making use 
of the fact that the flux and magnetic inductions, as well as their 
harmonics in space, are distributed in a specific way. The physical 
basis of operation and the mathematical relations are derived. The 
characteristic equation is given and from the latter a stability criterion 
is deduced, on the basis of which the winding section may be deter¬ 
mined as a function of the stability degree required. 

Sonunaire 

Ce rapport traite un nouvel 616ment utilis6 pour la stabilisation des 
circuits de commande utilisant le nouvel amplificateur «Autodyne» 
pour maintenir, constant leur courant de charge. On justifie theorique- 
ment la n6cessit6 d’un 616ment suppl6mentaire pour amortir le ph6- 
nomdne transitoire. On montre les inconv6nients des m^thodes 
utilises jusqu’^ present: augmentation des dimensions de la machine, 
adoption d’616ments additionnels, diminution de fiabilit^. On essaye 
de faire remplir par un seul 616ment install^ dans la machine, sans en 
augmenter toutefois les dimensions, les fonctions de trois 616ments: 
transformateur de courant, amplificateur et bobinage de stabilisation. 
Ce probltoe est r6solu par I’utilisation d’un seul bobinage ad6quat, 
b6n6ficiant d’une distribution sp6cifique du flux, des inductions 
magn^tiques et de leurs harmoniques spatiales. On examine la base 
physique et les relations math6matiques de rop6ration. On pr6sente 
r^quation caract6ristique d’oh Ton d^duit un entire de stability; et on 
montre comment choisir la section de Tenroulement en fonction du 
degr6 de stability d6sir6e. 

Ziisammenfassang 

Der Aufsatz befafit sich mit der Stabilisierung von Regelkreisen durch 
eine neue Verstfirkermaschine „Autodyne“, die den Laststrom 
konstant htllt. Eine theoretische &ltluterung, warum in diesem Fall 
zusfitzliche Mittel zur DIhnpfung der Ubergangsvorgange notwendig 
sind, wird gegeben und die Nachteile der bisher in solchen Fallen in der 
klassischen Regelungstechnik verwendeten Mittel (VergrdBerung der 
Maschinenabmessungen, Verwendung zusatzlicher Gerate, Verringe- 
rrmg der Betriebssicherheit) warden aufgezfihlt. Die gestellte Aufgabe 
ist, die bisher von den drei getrennten Gliedem Stromwandler, Ver- 
starker und Stabilisierungswicklung ausgeUbten physikalischen 
Funktionen durch eine einzige innerhalb des Maschine angeordnete 
Baueinheit auszufiihren. Es zeigt sich, daB diese Aufgabe durch eine 
entsprechend angeordnete und aufgebaute Wicklung Idsbar ist; dabei 
wird die Tatsache ausgeniitzt, daB in der Maschine die Durchfiutangen 
und magnetischen Induktionen sowie deren r^umliche Harmonische 


in bestimmter Weise verteilt sind. Die physikalischen Grundlagen 
und die mathematischen Beziehungen werden abgeleitet. Aus der 
erhaltenen charakteristischen Gleichung ergeben sich Stabilitats- 
beziehungen, die den Wicklungsquerschnitt als Funktion des ge- 
wiinschten Stabilitatsgrades bestimmen lassen. 


Introduction 

The object of the paper is to describe the physical operation of 
a new component for the stabilization of oscillatory processes 
arising in certain control circuits, as well as to give account of a 
new practical method for calculating the parameters of this 
component. The component inspires a lively scientific interest, 
not merely because it can stabilize most effectively an otherwise 
entirely unstable control circuit in certain cases, but also from 
a theoretical respect, since there is no need to connect it to the 
external circuit of the machine. Moreover, without increasing 
the size of the machine to be stabilized, an effect is realized which 
up to now could be attained only by a relatively large set con¬ 
sisting of auxiliary devices, with an increase in machine size. 

The circuits to be stabilized by the component in question 
are control circuits, in which the newly developed electrical 
amplifier ‘autodyne’ is applied to maintain the load current at a 
constant value (e.g. for the automatic charging of accumulator 
batteries, for automatic welding, for supplying motors in 
series, etc.). 

In his paper ‘The New Electrical Amplifier’, presented at 
the 1st IFAC Congress the author gave a general report on the 
theoretical bases, the main application field and control circuit 
connections of the autodyne, mentioning the autodyne for the 
above purpose only in short. Csdki, Fekete and Borka, however, 
referred to the experimental test of another kind of autodyne, 
namely an autodyne maintaining the output voltage constant. 

The following shows in detail the characteristics of the 
transient phenomena in the autodyne maintaining the load 
current, as the task and problems of the new stabilizing com¬ 
ponent of the control circuit of this machine may be understood 
only in this relation. 

Comparison of the Stability Criteria of the Autodynes Controlling 
Voltage and Current 

The operation of all autodynes working as amplifiers is based, 
independently of their concrete connection, upon the physical 
phenomenon that the spatial fundamental hannonic of the 

main flux of a converter (Figure 1) may theoretically take up 
any spatial position (in a different state of equilibrium) with 
a suitable airangement of the split poles and a synchronous 
speed Hq of the rotor. At the same time, this flux is produced by 
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a magnetizing excitation, the direction of which is set auto¬ 
matically to the flux direction. (Regarding the problems dealt 
with below, this magnetizing excitation is of no practical 
importance and therefore is not shown in the figures.) In con¬ 
sequence, with the appearance of a small positive or negative 
excitation of i A AW' in the control winding Wy, the control 
torque -{•AM produced by this excitation and the main flux, 
and also the small rotor lag or lead caused by this torque, 
change considerably the spatial position of th^flux ^jres* At 
the same time, the internal phase voltage X?iress being in 
equilibrium with the terminal voltage vector can be 

displaced between the limits of /? = 0 and = 180°, while the 
output voltage U is varying continuously between the limits 
± If the output voltage U of the amplifier realized, or 
another control circuit parameter depending on £/, is fed back 
negatively, then the parameter may be maintained automatically 
at a constant value. For example in Figure 1 an autodyne is 
shown stabilizing the output voltage U to the value of the con¬ 
trol voltage Uy, 

In the publications of the USSR Academy of Sciences 
Technical Section, Energetics and Automatics, No. 2., 1962, the 
author examined the transient phenomenon taking place in the 
autodyne controlling voltage (Figure 1), using a different 
simplifying supposition and neglecting the relatively small rotor 
resistances. 



The characteristic equation of the control circuit, using the 
operator calculus, yields 

A'+pB'+p^C'+p^D'==0 (1) 

As a stability criterion, the following relation is obtained: 


C2W0 + x^) 

/I.*!* • r*. • 5“ 





The qualities A\ B\ C, D\ Q, Cg, C 4 and Cg are constants 
depending on the machine dimensions. 

The physical meaning of these two formulas may be illustrated 
briefly as follows. Suppose the synchronous speed n^ of the rotor 


is decreased to a value n hardly deviating from Wq (Figure 2), as 
a consequence of which the vectors fires and rotate by 
a small angle A p anticlockwise. Meanwhile U is increased by 
A U, and a control current A ly arises, producing an excitation 
A AW' downwards. The resulting accelerating torque Zl Af is 
greatest when the vectors fires and reach their dotted 



U+AU 


Figure 2 


upper limit position. At the central position of the two vectors 
shown by the full lino A p = 0 . Evidently, A AW' causes the 
vectors to oscillate freely around their central position, and 
such oscillations would appear if the values B' and D' in eqn (1) 
were equal to zero. 

Nevertheless, in addition to the voltage A U, the control 
winding is affected also by the voltage induced by the increment 
of the direct axis component A fi of the flux fires (resulting 
from the rotation of fired, which lags the increment A fi' by 90 °. 
The additional control current being formed evidently establishes 
an excitation upwards when fires has returned to its central 
position, thus the excitation has a damping effect. This effect is 
represented in eqn (1) by the damping term p B\ The unit of 
the stabilizing flux A fi' corresponds to the left-hand side of 

( 2 ) (the right-hand side is, for the time being, zero). 

The voltages induced in the control winding by the fluxes 
proportional to the current A ly must now be considered. 

The excitation A A W' produced by A ly, being proportional 
to it and arising in the rotor winding, is short-circuited by the 
a.c. network, since according to the converter theory, all 
excitation arising in addition to the magnetizing excitation is 
cancelled out almost completely as a consequence of the com¬ 
pensating current A //. Nevertheless, because of the leakage 
reactance of the phase winding, the excitation of the current 
A Ii is smaller by a few per cent than A A W', and consequently 
a small flux difference A f^^ appears. As this, compared with the 
flux A fi, is of opposite direction, it induces a current in the 
control winding, which reduces the damping effect of the current 
induced by the flux A fi'. At the ri^t-hand side of eqn ( 2 ) the 
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second term, proportional to corresponds to the flux 

In addition to this, the leakage flux A (j);^ must also be con¬ 
sidered. This is caused by the current A ly, and passes through 
the control winding. To this corresponds the first term, propor¬ 
tional to the leakage factor A 5 , at the right-hand side of eqn ( 2 ), 
which proves that the stability degree is now even lower. T^e 
effect of fluxes A and A (l)j^ is represented in eqn ( 1 ) by the 
termD* p^. 

The right-hand side of eqn (2) is proportional to the expres¬ 
sion Wyjary, where Wy is the number of turns of the control 
winding, a is the number of parallel branches of the control 
winding, and ry is the resistance of this circuit. This expression 
is obviously proportional to the cross section of one turn of the 
control winding. The greater this is the greater is the increment 
of the current A Jy corresponding to the angle A as well as 
the value oi A A W\ and, evidently, the steady-state control 
accuracy, also. On the other hand, tibe value A<j>j^ is 

increasing together with A ly. However, owing to the fact that 
at a given value oi A A remains constant, it may be con¬ 
cluded physically—^as shown mathematically by eqn ( 2 )—^that 
as the cross section increases, the stability is reduced. If the sum 
A + A were equal to then obviously no voltage 
would be induced in the control winding and free oscillations 
would again arise, while the two sides of eqn ( 2 ) would be equal. 

In practice this never occurs, as a satisfactory control accu¬ 
racy may be realized by small values of Wy/ary, at which the 
stability limit is very great. 

The case is quite different with an autodyne used for control¬ 
ling the load current to a constant value, e.g. in spite of the 
variation in the internal voltage Ea of an accmnulator (Figure 3), 
To demonstrate this question theoretically in a more simple way, 
compare Figure 3 with Figure L 



At first sight the difference is great. Actually, to the winding 
W (working in this case instead of the loading current I is 
fed back, not the voltage U. Further, in this winding, not two 
voltages (U and C/y), but two excitations are compared, that is, 
the excitation IW* with the excitation i^ of the continuously 
controllable regulating current Consequently, instead of the 
law U =^Uy the law 7 = 4 fVJW' is valid here. 


However, examining the problem of the transient phenomena, 
an important analogy of principle may be observed between the 
two connections at once, as in this question the magnitude of the 
current iy is practically of no importance and it may be made 
equal to zero. In this case, however, the connection of Figure 3 
does not differ in any respect from that of Figure 7, as niay be 
regarded as the given control voltage, while the control winding 
is connected to Ea and to the voltage U. In consequence the 
factors illustrated in Figure 2, affecting the stability, may be 
distinguished also in the autodyne shown in Figure 3 and if 
A4>^ = A(j>^A- A free oscillations also arise here. Moreover, 
it may be seen that in this case the presence of winding Wy may 
not practically cause any deviation either, as the fluxes mentioned 
pass also through this winding and so in the winding Wy if the 
fluxes balance each other mutually, no voltage is induced. 
Accordingly under the same conditions as have produced eqn (2), 
a stability criterion corresponding theoretically to eqn ( 2 ) must 
also be obtained. From this, however, follows the interesting 
fact mentioned below. 

While, in the case of Figure 2, the control winding forms a 
shunt winding, and consequently the cross section of its turns is 
very small; with an autodyne maintaining its load current at a 
constant value, the cross section is very large, because the W’ is 
series connected. This means, however, that the right-hand side 
of eqn ( 2 ) is, in this case, incomparably greater i.e., there is an 
actual danger of oscillations arising. This has in fact occurred 
in practice at an early stage in the development of the autodynes. 

It is to be considered that (compared with Figure 2) in the 
case of Figure 3 the resistance of the rotor may not be neglected 
with respect to the actually small resistance of winding W\ 
As the current A /must now overcome the resistance of winding 
W\ in addition to series-connected resistance E the effect of 
Wyjary will be somewhat smaller. It is clear, however, that if 
this term is replaced by W'lE jR, being physically analogous, 
the latter will still be incomparably greater than WyloTy in 
the case of the autodyne controlling its output voltage to a 
constant value. So it is proved that the autodyne shown in 
Figure 3 can perform its task only if provision is made for its 
stability by some supplementary means. 

Problems Concerning tiie Development of a Suitable Stabilizing 
Device and the Way Leading to the Solution 

The auxiliary devices for stabilizing circuits, in which the 
loading current is to be maintained at a constant value, are 
theoretically known. This is obtained as follows (Figure 4\ 

Assume the autodyne operates just at the limit of stability, 
as a consequence of which sinusoidal currents A I are super¬ 
posed on the current 7. These would induce sinusoidal voltages 
in the transformer T, the primary coil of which is series connected 
with the load circuit. If the power of this voltage is increased 
by the amplifier A and the stabilizing winding Wc is joined to 
windings Wy and of Figure 5, with a suitable connection 
there arises in PFo an excitation leading in time with regard to the 
excitation A IW^ and proportional to it. In this way effect of 
fluxes Zl +A (l>x could be theoretically reduced by well-known 
means. 

Nevertheless, this arrangement has several great disadvan¬ 
tages. The additional winding increases the machine dimensions. 
Further, through the application of auxiliary devices, the service 
safety is reduced. It must also be taken into account that the 
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pensions of the transformer T are considerably increased 
because its primary coil must be dimensioned for the total 
load current I and saturation of the iron core of the transformer 
by the load current I must be avoided. The other stabilizing 
devices of the classical control technique to be adopted here 
have similar disadvantages. 

Accordingly, it has become essential to seek a novel device 
for additional stabilization, permitting elimination of the 
disadvantages mentioned above. 

ActuaUy, it has been proved that the physical processes 
correspondmg to Figure 4 may be realized without the applica- 
tion of a transformer or amplifier, while the required aHHitinn al 
Winding may be placed in the machine in a way which does not 
reduce the useful winding area. 

This problem is to be solved step by step as follows. ( 1 ) In 
order to spare the primary coil and flux of the transformer T 
instrad of this flux another existing flux, already in the autodyne 
and bemg proportional to the current J /, is applied to produce 
a current m the winding to be placed in the autodyne, playing 
rtf secondary coil. This current must lag behind A 1. 

(2) To ^plify the effect of this current, a generated voltage 
proportional to it is established in the autodyne. (3) To eliminate 



Figure 5 


enclosed by it and being proportional to the current AI must 
not exercise any effect in the direction of the direct axis. 

problem may be solved by a special shape of the tested 
^dmg and so the winding will have a particular physical 


Physical Operation and Method of Calraii^fl on of the 
Stabilizing Winding 



also winding W^, this generated voltage is established in 
wm^g JV itself, that is, between the main brushes. 

M^while, two difScult problems arise. First, (3) obvioi 
ne^itates that the winding sought should operate in the di 

“ inductively coupled with 
winding ^ which ehmmates the effect wanted, i. e. only a sir 
^table ad^tional generated voltage should affect this windi 
On the other hand, the following problem arises. If the i 
^dmg IS placed in the direct axis, then the fluxes A (b„ A 

^ ' 

oscillations arise when 
sum of th^ fluxes is zero, in which case no current is indu< 
mthewmdmg, and therefore the desired effect does not arise 
toe catena of toe free oscillations. From this it foUows tl 
toe tested wmdmg should fulfil the foUowing, apparently c< 
tead^oryTOntohons: on the one hand, the magnetic eflLt 

u ** axis of 1 

should not be enclosed by the winding, consequently, toe fl 






r vxxv xctvi. uiai me auioaynes as figures i and i have 
a practically analogom behaviour regarding the transient 
phenomena, the following consideration should be valid also 
m toe ca^ shown in Figure 1. Iherefore, instead of ^ / and W 
toe physic^y simil^ symbols A 4 and JVy shall be applied. 

The stabtozmg winding, as shown in Figure 5, has toe shape 
of a figure eight and is placed, according to Figure 6, to the pole 
tooes of the haff-pole I and II belonging to toe pole pitch. 
Thw toe condition that they should not be inductively coupled 
with toe wmding Wy, is fulfilled. The condition, that the flux 
proportional to the current A I„ and enclosed by the winding, 

®®^ “ machine, may 

e filliped on the bnsis of the following consideration. 

M is known, the compensation current A //, corresponding 
to toe excitation A 4 Wy, is proportional to the current A L. 
In the air^ps below the half-poles the induction of the fli^ 
produced by A // corresponds evidently, within a pole pitch 
to toe ordinates of curve 1-2-3-4-5-5-7-8-9^10 in Figure 7. 

If, everywhere, constant inductions of the flux of the samp. 
magmtude are represented with toe aid of line 1-11-12-13—5- 
^14-15-16-10, it becomes apparent that toe area 12-3-4-13-12 
IS equal to toe differ^ce of areas 2-11-17-2 and 17-3-12-17. 
As a re^t of this, the part of toe area 3-4-13-12-3 of the flux 
proportional to A ly, as shown in Figure s, enters the half-pole 
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through one half of the stabilizing winding and leaves on the 
side of its other half, that is, it is twofold inductively coupled 
with this coil. Obviously, the situation is just the same in the 
other half-poles. If the total flux being established is denoted by 
A ^8 and the ordinates of curves 2-4, 7-9 hy A B (x), then, 
adopting the above s 3 nnbols 




x=-^(H-a) 


x=i(l+a) 

and 

x=i(l-a) 


( 3 ) 


( 4 ) 


magnetic field of the winding is neglected here. As shown by 
theory and practice, this is permissible, because the frequency of 
the free oscillations is insignificant. 

Thus, up to now the secondary coil of the transformer T 
has been replaced by a winding corresponding to Figure 5, 
while the transformer primary coil and its iron core became 
superfluous. The production of the generated voltage mentioned 
in (3) between the main brushes of the rotor, will be attempted 
with the aid of current A /g. 

At first sight this seems to be impossible. Namely, the 
excitation A dg produced by current A is obviously 

A9,^AI^ ( 8 ) 

that is, of the same magnitude but of opposite direction in the 
two half-parts of the figure-of-eight winding. Thus, the excita¬ 
tion is divided on one pole pitch according to the line 15-1-2-3- 
4-5-6-7-8-9-10-11-12-13-14-17 of Figure 8. As the induction 
A Bg established by A dg is distributed practically in a similar 
way, and as a result of this the total flux arising on one pole 
pitch yields 

^ Aegdx=^Q (9) 

J x = 0 

it may be concluded that the flux produced by the current A /q 
of the winding cannot produce the generated voltage required 
in the d. c. winding of the rotor. 

The problem can be solved if it is considered that the excita¬ 
tion A 6g must have a positive fundamental harmonic in the 
case of the distribution in Figure 8, because the positive areas 
4-5-6-7 and 8-9-10-11 are closer to the central line than the 
negative areas 1-2-3-4 and 11-12-13-14. The harmonic analysis 
proves that the amplitude value of the fundamental harmonic 



Accordingly, this excitation has an inducing effect on the phase 
winding of the rotor and consequently is practically eliminated 
by a compensating current A J^, because A Ig^ is proportional 
to the excitation, A 0^ having produced it, i. e. 


where / is the active length, C 5 A Ii is the flux produced by 
A /i', and K is the factor considering the saturation. (The cause 
of Cg being constant in spite of the saturation is explained in the 
paper mentioned previously.) 

It follows from eqns (3) and (4) that 


AI,^=K2Ae,, (U) 

where is another constant depending on the value of x^. The 
induction produced by the excitation of sinusoidal distribution 
of this current A Ig^ is evidently distributed in the same way as 


On the other hand 


1-cos 


7c-a 


4 Cgdli 


sm- 




AV^-^K^-AIyWy 


( 5 ) 

( 6 ) 


where, as is known, is a constant depending on x^. The flux 
A 08 induces a current of 


. _ 1 d^08 

®~r8 dt 


( 7 ) 


in the stabilizing winding, where rg is the resistance of the winding. 
For the sake of simplicity, the inducing effect of the stray 
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the induction produced by the excitation of the current A 
but in the opposite direction. Consequently, the integral of this 
induction taken within the section establishes the flux formed 
by the current A /^, which produces the generated voltage 
wanted between the main brushes, the latter operating opposite 
to the voltage induced by A <j>^ and A <l>j^in Wy. Considering the 
fact that this voltage is proportional to A as well as eqn (6), 
(5)> (7), (8), (10) and (11), the generated voltage may be made 
equal to 

Ks-AIyjp) 

rs 

where Kg is constant. On the other hand, the voltage produced 
by the fluxes A <l>g, and A is obtained asp 2) • id /y (p), where D 
is constant. Performing die substitution 

li:^=lC8(C,-no-C2+;c^)^ (12) 

where w is the angular frequency of the rotor, 0 is the moment 
of inertia of the rotor, andp„ is the number of pairs of poles, the 
characteristic equation is, after all 


A'+pB'+p^ • C'+= 0 (13) 


The stability criterion is 



CiC, 


rs 


(14) 


where Kg is a constant, in which Wy does not figure. It is recog¬ 
nized that the stabilizing winding is actually in possession of the 
effect demanded, as for instance the term comprising p®, 
reducing the stability and, in an analogous way, the right-hand 
side of eqn (14) nwy be decreased most effectively, if the cross 
section of the winding, i.e. l/rg, is suitably increased. With 
«tremely high values of Wy the first term of the right-hand side 
is increased and there is no place in the machine for giving a 
cross section so large to the stabilizing winding that would 
suffice for a sensible decrease of the first term. Therefore, in the 
cases illustrated in Figure 1, that is, in the autodyne controlling 
the voltage to a constant value, this winding has not been 
applied. Nevertheless, inthecases of/i^rei, where the value W 
talcing the place of Wy, is small, calculation shows that the right- 
hand side of eqn (14) will be zero with such smalt cross RfffttiniK 
which (with the stabilizing winding set on the pole shoes) has 
practically no effect upon the machine dimoisions. 

The autodyne of serial production, provided with such a 
winding and maintaining the load current at a constant value, 
proves itself entirely stable in practice, while it would operate 
without the above-mentioned winding far within the unstable 
range. 


DISCUSSION 


W. Pelczewski, Technical University of Lodz, Gdanska 155, Lodz, 
Poland 

The proposed new component for the stabilization of the dynamo- 
electric amplifier ‘autodyne’ maintaining the constant load current 
consists of an additional winding of special shape. It is possible, of 
course, to apply this winding to stabilize the oscillations in the auto¬ 
dyne. But if the autodyne works in an automatic control system, the 
physical processes in the stabilizing devices have to be adjusted not 
to the autodyne alone, but also to the dynamic behaviour of the whole 
system. The question arises, therefore, whether the required perform¬ 
ance of applied additional winding is obtained by changing the 
stabilizing process over wide limits. 

^ It is known that it is impossible to obtain ideal compensation 
in a dynamoelectric amplifier. The problem of the effect, therefore, 
produced by the armature reaction on the transient performance in 
an autodyne with the additional stabilizing winding, deserves some 
comment. 

O. Benedikt, in reply 

I would like to more fully clear up the questions which have inAnanr-A 
on the dynamic ratios of the ‘autodyne’ because of incomplete 
compensation for the armature reaction. 

We know that this question has great import in the theory of the 
amplidyne and therefore we must observe this effect by means of 
^gure A, We know tbat, from the point of view of statistical exactness 
it would be optimal if the armature eddy current yUF induced by the 
main load current / were raised to 100 per cent by a flow A fFt through 
a compensation winding. 

In this case it is possible, however, that if for one reason or another, 
any over-compensation occurs (even in small degree) the difference 
AfV be added to the basic current AfVp corresponding to 
an output voltage (7. By this means 27 increases, whereby AfF ^ind 
AfVk and their difference correspondingly increase i.e. a process of 
self-excitation is started which even if not in a regulating circuit can 
cause the amplidyne to become unstable* 


However, such armature reaction effects do not occur in the auto¬ 
dyne. First, as our Figure B shows, the armature eddy current AW^ 
induced by the load-current I is in practice eliminated by the rota¬ 
tional eddy AW,^ of the rotational current taken from the mains. 
There exists only a very sihall difference AW:^--AW,,.. Secondly, 
as can be seen from Figure B, this does not have a back effect on the 
guide current AW' because indeed this does not coincide on the axis 
with mentioned current difference, but lies vertically on this axis 
instead. Because of this no self-excitation is possible in this case. 



The current difference mentioned, therefore, has no importance at 
^1 in the transient process of the autodyne. It has, however, a minor 
importance for stationary working alone, because it causes a definite 
static deviation in regulation to occur. To be precise, it Creates a 
small retarding moment JV/, which is consequently compensated, and 
automatically a small through-flow AW' and a stationary guiding 
current ly appear, whereby the tension becomes only slightly greater 
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aw' 



U>Uy U=Uy 


Figure B Figure C 

than Uy, If one wishes, however, to eliminate this inaccuracy, then 
this is also easy. One only needs to compensate the difference A — 
byathroughflow^Fr*,wherebyy4Pf^' —0,/y «Oand U^Uy 
(see Figure 0« 

Now I will attempt to offer a solution to the question of what 
happens with the ‘switchback* winding if the autodyne regulating the 
current operates in a regulating circuit. 

Before anything else, to avoid misapprehension, it must be made 
clear that the autodyne schemes shown, as a whole represent regula¬ 
tion circuits, because, indeed, the output voltage C/is negatively back- 
coupled to the guiding flow. The deviations of the autodyne which 
are compensated for by the ‘switchback* winding do not in themselves 
give a state of instability to the machine in a pen circuit—as for 
example happens in a corresponding situation in the amplidyne. 
Instability does occur, but only with particular parameters in particular 
regulating circuits. 

From this, I wish to formulate the replies to the questions put 
to me in another way. The question is, what happens to the stability 
of the autodyne fitted with ‘switchback* winding and regulated by the 
load current if we substitute the resistanceless accumulator in the 
regulation circuit of the autod 3 me with some other item? 

Let us observe the various possibilities. When the loading of the 
autodyne gives an ohmic resistance, then the stability increases 
because often the ohmic resistance has exactly the same effect as a 
reduction in the cross sectional area of the winding W\ 

If the autodyne A employs an identical current motor M to 
regulate the load current (see Figure D) then this loading in general 
gives a capacitative resistance whereby the deviations of the current 
I and therefore also the guiding current of the autodyne must be 
phased in front of the voltage U, Indeed, because this is the aim of the 
‘switchback* winding, in such a case its cross section can often be 
reduced. 

If, in the loading of the autodyne, the inductive components 



Figure D 


become too large, it is often only necessary to correspondingly raise 
the cross section of the ‘switchback’ winding. 

To summarize: the suggested winding influences the stability 
of complete regulation circuits and by corresponding calculation can 
be applied within broad parametric boundaries. 

F. CSAKI, Department of Automation^ Polytechnical University^ Egri 
J.“ tt. 18y Budapestf Hungary 

Having worked, for the past few years, in quite another field, it is 
not clear to me how the stabilizing effect of the figure-eight-shaped 
winding mentioned by the author was experimentally determined in 
the autodyne regulating the loading current. 

The author cites in his paper a study he wrote proving that the 
autodyne becomes more stable as the cross section of one turn of the 
bias winding becomes smaller. The author has proved this, however, 
in his above-mentioned study only for the autodyne regulating voltage. 
How could this be regarded—^without any new proof—as a rule for the 
autodyne regulating current, the wiring of the latter being quite dif¬ 
ferent? 


O. Benedikt, in reply 


The question of stability of the autuuyue regulated by the load 
current and not using the ‘switchback* winding described in my 
previous article, was examined under the most varied conditions 
with an oscillograph. The criterion of stability found analytically 
can be written as follows: 


l^C 


W' 

IR 


Where C is a constant, fV' is the number of guide windings and EB 
is the sum of all the ohmic resistances in the current circuit of the 
guide winding. If EB is the resistance of the guide winding alone, 
as, for example, in the case where the autodyne is regulated by the 
voltage or if the autodyne regulated by the load current is switched 
to a virtually resistanceless accumulator, then the expression W'ISB 
as suggested in the previous section, is proportional to the cross 
section of a coil of the guide winding. 

However, for test purposes we have switched in variable additional 
resistances between the autodyne and the accumulator whereby 
by keeping these to a minimum we can exactly establish the boundaries 
of stability where free oscillations occur. If pre-switch resistances 
were further reduced then oscillations of ever-increasing amplitude 
would occur. 

By introducing the ‘switchback’ winding we always find that 
rapidly effective damping occurs and the machine completely protects 
its stability, not only in the case when we reduce the pre-switch 
resistance to zero, but also when we suddenly switch off the autodyne 
at a given voltage. 

To be able to establish whether we are justified in observing that 
the stability of the autodyne regulated by the load current becomes 
larger and larger in inverse proportion to the cross section of a coil 
of the guide winding, we must first digress from the question and 
clarify why this rule is valid for the autodyne regulated by voltage. 
From Figure A we can see what occurs when the rotor is reduced in 
speed. The flow ^ircs turns through the angle —in the position 
drawn. Correspondingly the longitudinal flow increases by and 
the output voltage by AJ7. Through the difference 


17-f-AC/—t/y = At/ 


there exists a guide current which induces the guiding flow — tJiW* 
in the guide winding. The latter is almost totally eliminated by the 
flow of the compensating current A/' such that only a small residual 
flow A^a, exists. Through the winding there then flows only the current 
A^', the current A^a* and the distributive flow At a definite 
value of the cross section of the guide winding the current A/y cor- 
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responding to a particular value LU and from this also LAW\ 
A<l>x and become so large that the algebraic sum A^' — A^x 
— A^x=^0, In this case no voltage is induced in the guide winding, 



Aly, A AW' and Al'i and thereby the accelerating moment AM 
created by the current A/'i, also falls in phase with Ap and causes 
free oscillations to occur. 

Now we will observe the same problem with the autodyne regulated 
by the current (Figure B). 

In the stationary condition this possesses quite different ratios 
from the autodyne regulated by voltage because this is accompanied 
by no guide current and no guide through-flow, against which in the 
autodyne regulated by the load current the load current I creates the 
stationary current IW' which is eliminated by the current ip Wp created 
by the regulating current ip. These magnitudes superimpose themselves 
upon the parameters of the transient process but have negligible effect 
on its progress. This occurs as shown in Figure B fully as much as in 
Figure A. In fact the rotation of the current ^ires creates the longitu¬ 
dinal flow A^' and the voltage AU. The guide current A/ produced 
by the latter voltage induces the guide flow AIW'. As before, this 
induces a compensating current A/i', the residue flow A^x and the 
distributive flow A^;^. If we consider the accumulator with voltage Ej^ 
to be practically without resistance then the magnitudes of A/, AIW', 
A^x and A^;i depend only on the cross section of the winding W' 
and for a definite value the free oscillations indicated earlier must also 
occur. 


614 


The Control of a Linear Electromagnetic Oscillating Mechanism 

J. C. WEST and B. V. JAYAWANT 


Summary 

The paper describes briefly the principle of operation of a simple motor 
which directly produces a linear oscillating motion in the amplitude 
range 5 to 50 cm with traverse times variable from 0-03 to 1 sec. 

The main part of the paper is concerned with the methods of 
controlling the amplitude and the frequency independently and 
electrically without the aid of mechanical devices. The turn-round 
points at the extremities of the oscillation are automatically forced by 
a non-linear ferro-resonance jump effect triggered off by the position 
sensing element. Some analysis of the jump phenomenon is attempted 
and compared with experimental results. 

The work is intended primarily for the textile industry for winding 
yarn packages, where it is essential to be able to control the position 
of the turn-round points, and to adjust the amplitude of the traverse 
with time, i. e. amplitude modulation. The device with the auxiliary 
control mechanism is, however, applicable to any requirement of 
linear oscillatory motion. 


Sommaire 

L’expos^ d^crit bridvement le principe d’op6ration d’un moteur simple 
qui produit directement un m6:anisme oscillateur dans la gamme 
d’amplitude 5 450cm avec des temps dc travers quivarientdeO-0341 
sec. 

La plus grande partie de I’expos^ a pour objet les methodes de 
commande de Tamplitude et de la frequence ind^pendamment et 61ectrL 
quement sans Taide des moyens mdcaniques. Les points de retour aux 
extr6mit6s de I’oscillation sont automatiquement contraints d*un saut 
non-lin6aire de ferro-rdsonance qui est d6clench6 pax T^l^ment qui 
d6termine la position. On essaie d’analyser le ph6nom4ne de soute et 
de le comparer avec des r^sultats exp6rimentaux. 

L’oeuvre est destine principalement 41’industrie textile pour le 
bobinage des moches fil6es, qu il est essentiel de pouvoir commander la 
position des points 4 travers, et d’ajuster Tamplitude du travers avec le 
temps, c*est-4-dire la modulation d’amplitude. Le dispositif avec le 
m^canisme de commande auxiliaire est cependant applicable 4 toutes 
n4cessit6s de mouvements lin^ires oscillatoires. 


Zusammenfassung 

Der Beitrag beschreibt kurz die Arbeitsweise eines einfachen An- 
triebes, der unmittelbar eine linear schwingende (hin- und hergehende) 
Bewegung im Amplitudenbereich von 5...50 cm erzeugt, mit um- 
schaltbaren Bewegungszeiten, die zwischen 0,03 und 1 Sekunde ver- 
4nderbar sind. 

Der Hauptteil dieses Beitrages befaOt sich mit den Methoden ftir die 
Steuerung sowohl der Amplitude wie auCh der Frequenz, unabhangig 
ypneinander und auf elektrischem Wege, ohne die Benutzung mechani- 
scher Hilfsmittel. Die Umkehrpunkte an den Extremstellen der 
Schwingung werden durch einen nicht-linearen Ferro-Resonanz- 
Sprungeffekt selbsttatig gesteuert, welcher dutch den StellungsabgrifF 
ausgeldst wird. Einige Betrachtungen zum Sprungphanomen werden 
angestellt und mit Versuchsergebnissen verglichen. 

Die Arbeit ist vorwiegend fur das Wickeln von Gamrollen in der 
Textilindustrie bestimmt, wo es wichtig ist, die Lage der Umkehr¬ 
punkte zu steuem und die Amplitude der wechselnden Bewegung ab- 


hangig von der Zeit einzustellen (Amplitudenmodulation). Das Gerat 
mit der dazugehOrigen Steuereinrichtung ist jedoch auch ftir jede 
andere Aufgabe, die eine linear schwingende Bewegung verlangt, 
geeignet. 


Ihtroductioii 

There are many industrial requirements for light reciprocating 
motion which in the main are met by mechanical devices. The 
natural course of development has demanded faster operation 
and, as in the case of textile requirements for bobbin winding, 
mechanical considerations impose the limit on reciprocating fre- 
quehcy and hence on speed of production. Interest is, therefore, 
being shown in electromechanical devices and there are now 
several successful developments which produce electrically 
driven linear oscillating mechanisms^"^. In some of these devices 
the reversal is obtained by switching, but induction type drives 
with inherent oscillatory forces requiring no moving contacts or 
switches are to be preferred. 

The new linear motor, the control of which is the subject of 
this paper, operates essentially as a result of currents induced in 
the moving member, but unlike the polyphase oscillating linear 
induction motor, it has no counterpart in rotating machines. 
This motor is a new device developed in the Electrical Engi¬ 
neering Department of Queen’s University**® and its attractive¬ 
ness lies in the extreme simplicity of construction. The basic 
principle underlying the oscillating mechanism was described in 
detail in a previous paper*. A brief account of the phenomena 
involved is included here in order to appreciate the control 
problem. 

Description of the New Linear Motor 
Construction 

The motor consists (Figure 1) of two identical coils wound 
on a laminated bar of iron with a conducting metal ring, e.g. 
aluminium, copper or brass, sliding over the iron bar in the 
space between the coils. Each of the two coils is connected to a 
single phase supply via a series condenser. When the value of 



Figure L Construction of the new motor 
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the condensers is adjusted to form ‘near’ resonance, the ring be¬ 
gins to oscillate mechanically with a diverging amplitude of oscil¬ 
lations which is eventually limited physically by the coil formers 
or end stops. The ring now traverses the full distance between 
coils 20 or more times per second. 

Principles of Operation 

*Q lag ^—^There are two phenomena which individually or in 
combination make the operation of the motor possible. Under 
conditions of symmetry, i.e. identical coils, and with no con¬ 
densers in series, the ring will experience a force tending to push 
it towards the centre of the traverse from either coil. For small 
displacements the ring exhibits damped oscillations which 
appear to be almost critically damped. The system may, therefore, 
be represented by the second-order equation 
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Figure 5. Dynamic force-distance characteristics of two coil motor 


^+rx+x=o (1) 

where o)„ is the natural frequency and is of the order of 2. 

When the two coils are connected in series with conden¬ 
sers so that the circuits of both of them are resonant, they 
possess a high Q. They therefore exhibit a time lag between the 
final steady-state value of the current and a sudden change of 



F^e 2. Static force-distance characteristics of two-coil motor 


applied voltage or a change of any other circuit parameter. This 
ako introduces a time lag between the force experienced by the 
ring if given a displacement and the steady-state force as 
calculated from the circuit equations {Figure 2). This lag between 
the force and position is the Q lag. If the fi lag is t eqn (1) may 
be modified as . , 

{x+Tx)co^ 

i.e. 



( 2 ) 


This will be oscillatory if 


i.e. if the Q lag T > T. 

From eqn (1) for a natural frequency of, say, 5 c/se< 
(10 traverses/sec) and critical damping one obtains ^t 


which is the minimum value of t if the Systran is to be oscillatory. 


Again, from these equations one obtains that for t = 2 T the 
frequency of the self-maintained oscillations for this condition 
is given by 



It is thus seen that by utilizing the Q lag alone, it is possible to 
bi^d a linear oscillating motor, but the frequency of oscillations 
will, of necessity, be lower than the natural frequency. 

These results have been verified in practice and it is found 
that, relying on Q lag alone, the number of traverses per second 
of the ring is very low if the system is to be just oscillatory. If the 
system is so arranged that the amplitude of oscillations goes on 
building up, the ring hits the end stops and even then the 
frequency of oscillations is not particularly high. The 
of the ring under dynamic conditions was measured experimen¬ 
tally Md Figure 3 shows the Q lag clearly. Under steady-state 
conditions the force and hence acceleration at the centre is zero. 

pother interesting demonstration of the Q lag phenomenon 
is given by a stack of laminations held vertical and a coil in 
series with an appropriate value of condenser at the bottom 
(Figure 4). A metal ring sliding on the laminations is acted 



Figured, Vertical oscillating rbtg 
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upon by gravitational pull downwards against the electro¬ 
magnetic force of repulsion upwards. This arrangement exhibits 
oscillatory properties and in order to. obtain some data and 
confirmation of the Q lag phenomenon an analogue was built. 
The analogue, as can be seen from Figure 5, is built up from the 
circuit equations with a provision for representation of the 
variable mutual coupling between the ring and the exciting coil. 
The construction of the analogue and a detailed discussion of 
the results obtained from it® would be of little relevance here. 
Briefly, however, the analogue was used to verify the steady- 
state force-distance characteristics calculated from the circuit 
equations. Having thus obtained a mutual check between these 
calculations and the analogue it was then used to obtain the 
dynamic force-distance characteristics for various values of 
circuit parameters and in general to obtain an estimate of the Q 
lag which is easier done on the analogue than on an actual 
machine. This information was then useful in the estimates of Q 
lag and the prediction of dynamic characteristics of the multicoil 
machines. 

Ferro-resonance—It is known that series RCL circuits, when 
the inductance is iron cored, exhibit a non-linearity in the cur¬ 
rent-voltage characteristic. 

The conditions under which a non-linearity or jump effect 
may take place can be deduced briefly as follows. For a given 
inductance its current-flux relationship may be expressed as 
[Figure 6(a)] _ 

(P = ng(0 

The induced e.m.f. 

^ dT 


= n' 


; dg(0 

df 


n^dgii) di 
di ',dt 

-‘■K 


Variation of L (i) with current is shown in Figure 6(b), 

For an applied voltage to the series circuit such as 

E sin (cot-1- a)= R1 sin cot+L (/) co / cos cbt—cos cot 


from which 


and 


Therefore 


Eco^a=RI 


Esin a=i|^L(/)co— 


L(l)co 


(3) 




Figure 6. Ferro-resonant phenomenon in a simple RCL circuit 
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The slope of the left-hand side is given by 



which has a maximum when I = EjR, The variation of the 
left-hand-side of eqn (3) with current may be shown to be as in 
Figure 6(c), 

Obviously the smaller the value of R the more peaked is the 
curve. If instability is to occur the curve of L (i) against current 
must intersect the curve of 



against I in three points [Figure 6(d)], In the cases of Figures 6(e) 
and (/), instability cannot occur. In the first of these where 
instability cannot result, the rate of change of inductance is too 
rapid or too slow, whereas in the second case the curve of 

J^-R^ + Ca> 

is too sharp. 

In a similar manner, given the flux-current relationship, it 
is possible to determine whether the current in the coils will 
exhibit the jump phenomenon as the ring is moved from the 
centre of the traverse to one or the other of the coils. In addition, 
the ring position at which the current jump occurs can also be 
predicted. 

When the condensers are tuned so that the jump takes place 
slightly off centre, the force of repulsion from the coil near the 
ring, will exceed that due to the far coil by a large factor. This 
large factor is due to the jump having taken place, and the 
current in the near coil is several times that in the far coil. 

It is inherent in the ferro-resonant circuits that there is an 
hysteretic lag between the jump up and jump down of current. 
Thus the predominant force of repulsion is' maintained until the 
ring has moved past the centre of the traverse and the reverse 
jump has taken place. This accentuates the divergent nature of the 
amplitude of oscillations, at the same time making the forces on 
the ring considerably larger than possible due to Q lag above. 

Operation of the Osdllatmg Motor when both Q Lag and Ferro- 
resonant Jump Effect are Present 

It has already been stated that the Q lag must be of a certain 
magnitude before the oscillations can be set up. This also means 
that when the ring is travelling with a certain velocity its apparent 
position will be further away from the coil towards which it is 
travelling. The greater the velocity the further away will be the 
apparent position since the Q lag must be a constant of the 
circuit. If the current jump takes place at a certain fixed position 
of the ring along the traverse then, as the approach velocity 
of the ring is increased, the distance travelled before the jump 
takes place will increase linearly. This was verified by an ex¬ 
periment and Figure 7 shows the superimposition of the Q lag 
on the ferro-resonance jump phenomenon. It can be seen from 



Figure 7, Effect of velocity on position of jump 


this figure, as was suspected, that the Q lag is so large that at the 
velocities acquired (mean velocity = 160 cm/sec) by the ring 
when it is oscillating, the jump effect would not take place until 
the ring hits a mechanical stop (or the coil itself) at the end of 
its traverse and loses its velocity. This'is illustrated by Figure 8 
• which is an oscillograph recording of current in one coil of the 
motor. It can be seen that the current is substantially at two 
levels only, and by putting position markers on the oscillogram 
it can be seen that the value of the coil current is small just 
before the ring actually hits the coil and it jumps up almost 
simultaneously with the impact of the ring. The mechanism of 
the jump effect when coupled with the Q lag may be treated 
as if there are contactless switching elements in both coils which 
operate when the ring hits the mechanical stops or the coils. 

Control of Amplitude of Oscillations 
Circuitry of Triggering the Jump Phenomenon 

It is considered desirable to be able to control the amplitude 
of oscillations of the ring electrically for two reasons: (1), 
to eliminate the mechanical impact at the end of the traverse, 
and (2) to make it possible to vary the amplitude of oscillations 
without altering the frequency by a control signal, i.e. amplitude 
modulation. 

The possibility of externally triggering the ‘jump* phenom¬ 
enon seemed to be the most attractive approach to obtain 
amplitude control and hence no attempt has been made to study 
the effect of modifying the Q lag. 

Whilst the position of the jump is changed by altering the 
velocity of approach of the ring towards the coil [Figures 9(a) 
and (6)], it is clearly noticeable that the current jump itself is 
completed in a fixed time period of about 2 c of the supply 
frequency. It is essential, therefore, that it should be possible 
to trigger any one of the two (or more) circuits at will from 



Figure 8, Current in one coil of oscillating motor operating 
predominantly on ferro-resonant jump 
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Figure 9, Displacement of jump position with ring traverse velocity, 
(a) Ring velocity 5 cm!sec, (b) Ring velocity 15 cm I sec 

dissonant to resonant state and that the transition should be 
completed in the minimum of time. 

When a ferro-resonant circuit changes its state from non¬ 
resonant to resonant there is a change in the stored energy and 
this can be supplied either from the mains or from the triggering 
source, or partly from both. Attention has so far been given 
only to the second method. 

Using a triggering source to inject the additional energy, if 
its phase and magnitude are adjusted correctly, the switching is 
almost instantaneous. 

The application of these principles to the control of amplitude 
of oscillations of the new motor is obtained by having two more 
windings on each coil and connected as shown in Figure 10. 
The main windings (A — A) are connected in series with con¬ 
densers to a source of sin^e-phase supply. When tlie ring is 
held stationary in the centre of traverse there will be no net 
e.m.f. across the terminals of the windings C—C if both 
windings A—A and C—C are coimected in opposition. If 
the ring is slightly displaced, however, the two main windings 
will no longer be balanced and consequently a voltage will 
appear at these terminals and it is possible to make this a signal 


indicating the position of the ring by its amplitude. When the 
ring is oscillating the absolute amplitude of this signal changes 
quite considerably, but fortunately is still indicative of position 
of the ring. The change of the induced e.m.f. from steady state 
to dynamic state can be worked out for constant traverse 
velocities by an analysis nearly as involved as the one for cal¬ 
culation of forces^. It is considered inappropriate to include any 
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Figure 10. Layout of the amplitude control circuits using 
silicon-controlled rectifiers 


of it here because there is no necessity to know the absolute 
values in the trigger circuits employed. 

The signal from the windings C — C is employed to trigger 
two silicon-controlled rectifiers alternately. The silicon-controlled 
rectifiers are in series with the windings is essential 

to have two rectifiers as the direction and polarity required for 
the trigger current is of opposite sign for the two main windings 
A — A. The general layout of one of the triggering circuits 
employed is shown in Figure 11. The base of the transistors 2>i 
and 7>2 is biased so that the signal from the windings C — C 
does not bottom these transistors till a desired position of the 
ring is reached. The transistors in their turn switch the silicon- 
controlled rectifiers SCR^ or SCR^ which causes half-wave 
pulses to flow into the windings B — .B. As is shown in the 
next section, it is only essential to apply one pulse of required 
magnitude and duration to change the state of the ferro-resonant 
circuit. Using SCR% however, the reverse voltage which is 
applied to them every half cycle is utilized to turn them off as 
soon as the transistors are turned off. If SCR^s are replaced by 
power transistors it would be possible to apply just one pulse 
from a d.c. source to obtain the desired change of the circuit of 



4.1-5V 

Figure 11. Silicon-controlled rectifier triggering circuit 
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windings A — A from non-resonant to resonant state. Yet 
another alternative is to utilize the resonant state of one circuit 
to trigger the other. This can be done by charging up a condenser 
to the hi^er voltage which will be developed across the coil in 
the resonant state^ and, by means of appropriate gating circuits, 
discharge the condenser through the triggering winding of the 
other coil. For the single rectangular pulse which includes the 
condenser discharge method outlined above, the position 
sensing element may be a phototransistor. 

Equations for Instantaneous Triggering 

The manner in which the required amplitude of the trigger 
voltage c^n be worked out is to make the trigger response of 
the circuit equal to the difference between the resonant and non¬ 
resonant steady states. If the trigger response is then added to 
the non-resonant steady state the result will be the resonant 
steady state. 

Even though the triggering pulse is applied only to the 
inductance of the series RCL circuit, it is assumed that it is 
equivalent to a rectangular voltage pulse applied to the whole 
circuit. It is also assumed that superposition holds so that the 
ciment resulting from the rectangular pulse is equal to the 
difference between resonant and non-resonant steady states and 
that the current in the resonant state is still sinusoidal. This last 
assumption is likely to introduce some error, and some further 
work is needed to evaluate the degree of error involved or to 
take into account the effect of harmonics. 

If a rectangular pulse V is applied to the circuit for a dura¬ 
tion T it is easily shown that since 

and that the transform of the current 



7_ 

where 

11 

and 

(1 

and hence 


[e"'" sin nt-e"** T) sin n 0 - T)] 

Thus when / = J 

V EL 

I^-^c~‘2LsmnT ( 4 ) 

For instantaneous triggering, therefore, 

V RT 

2 LsmnT (5) 

The inductor voltage is at its resonant value at the end of the 
trigger pulse 

Fjr=pLI 

and at r = r the difference between resonant and non-resonant 
steady states must be equal to this. 


(^es.^.rcs.)” I 2LCOS ItT -^^^SinwTl (6) 

If the voltages and currents before and after the jump are 
known as functions of time and, say, the pulse Huration^ t, 
eqns (5) and (6) will give the amplitude of the voltage pulse V. 

For sinusoidal pulses such as that which would be given by 
a half-wave rectified voltage using SCR’s, 

V{t)=Vsmcot forO<t<— 

(O 

K(0=0 for-<^<^ 

CO CO 

The Laplace transform of this is 

The rest of the calculation to determine the amplipide of a 
single pulse necessary to trigger the circuit can be carried out 
in the same maimer as before, the work being more laborious. 

Yet another way of calculating fixe amplitude of the pulse 
is to work out the difference in flie stored energy of the induct¬ 
ance, viz. Vs L/® before and after triggering. This is possible 
only if the two values of inductance and current are known. 
In basically the same manner thrai as before, by working out 
the current, the energy in the pulse of a given duration T, i.e. 

T 

J eidt^ may be calculated. 

0 

Further Requirements and Modifications for Amplitude Control 

There are obviously as many varied requirements as 
there are individual applications for oscillating mechanisms. 
Attention has so far been directed only to the textile application 
of the new oscillating motor. Briefly, the requirement here may 
be stated as a constant velocity traverse followed by instanta¬ 
neous reversal at either end. Obviously this condition is impossible 
to fulfil. However, what can be done with the controlled rec¬ 
tifier, triggered from a voltage proportional to position, is to 
vary continuously the bias of the transistors Tr^and Tr^{Figurell) 
so as to obtain an overall modulation which gives very nearly 
the same result. It is worth stressing here that in order to obtain 
the desired result from any control circuit used, the construction 
of the main coils and any control windings must be identical. This 
involves great precision in the coil positions with respect to the 
iron laminations and values of condensers in series with each 
coil, and even in the making of coil formers. Surprisingly enough, 
attention to these few details gives more accurate results than 
any sophistications introduced in the analysis. 

An immediate requirement in the control of amplitude is 
that the time in which the jump phenomenon itself is complete 
must be very small. It has already been mentioned that the jump 
takes place in about 2 c/sec of the supply frequency. In the 
normal course this, then, would impose a limitation on the 
frequency of oscillations. If, however, supply frequency is 
increased in accordance with the specific application, it is not 
only possible to decrease the imposition of this limit, but another 
favourable result is possible; this is the reduction in the overall 
size of the linear motor. Miniaturization of the new oscillating 
motor is considered to be an attractive proposition. 

As will be apparent, attention is being directed to the small 
sizes of the motor for the reason that it has been possible to 
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Utilize the ferro-resonant jump only in the smaller sizes. These 
tend to make the loading and power inputs minor considera¬ 
tions, but there is no reason why larger sizes of motors should 
not be used for driving loads. The aspect of control of these 
larger size motors would require the use of what might be 
described as eddy current braking, where d. c. might be injected 
into the trigger winding but at magnitudes below which the jump 
would take place. The eddy currents induced in the ring would 
provide magnetic buffers in place of mechanical stops. 

Conclusions 

The device described has considerable potential in small and 
large sizes. In this paper attention has mainly been given to the 
control of only small sizes. This is merely indicative of the 


aspects of this motor, both in performance and application^** 
which have not been investigated. There is scope for considerable 
analytical and practical investigation which doubtless will be 
the subject of further research. 
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DISCUSSION 


G. C. Newton, Jr., Massachusetts Institute of Technology, Electronic 

Systems Lab., Room 32-106, 77, Massachusetts Ave., Cambridge 39, 

Mass., U.S.A. 

This paper discloses a novel combination of switching circuitry and a 
linear electromagnetic actuator. The overall purpose of the apparatus 
is to effect control of the amplitude of oscillation of the eddy-current 
ring along the ferromagnetic rod. Furthermore, the switching circuit, 
by means of bias adjustments, permits adjustment of the amplitude of 
oscillation. Regarding the bias adjustment as the reference input and 
the amplitude of oscillation as the controlled variable, it is seen that 
this is a control system. However, the main control is open loop and 
feedback occurs only for the purpose of periodic reversal of the ring 
direction. The authors are to be congratulated for an interesting 
discussion of this novel method of controlling an electromagnetic 
actuator. 

A few specific comments appear to be in order. First, theferro-reso- 
nance analysis in the paper is from the viewpoint of current jumps in 
static electromagnetic circuits, whereas the paper’s actual electro¬ 
magnetic circuit involves a moving secondary winding in the form of 
the eddy-current ring. Thus the equations on the second page of the 
paper have little relevance to the actual equipment of the paper. 
Furthermore, even the analysis of the static situation is superficial. 
Eqn (3) is based on a sinusoidal approximation to the actual current 
waveform. There is an unstated approximation made in the derivation 
leading up to eqn (3) whereby the non-linear L (/) is replaced by L (/), 
another non-linear relationship. If this analysis is to be retained in 
the paper greater care should be taken in stating the assumptions 
on which it is based. (The authors do show an actual non-sinusoidal 
waveform in Figure 8 and also state, in the discussion of instantaneous 
triggering, that errors are introduced in their analysis because of 
these non-sinusoidal waveforms that result from the non-linear 
inductors.) 

It is unfortunate that the authors show no experimental results 
for their proposed system of controlling the amplitude of oscillation. 
This is especially so in view of their position that refinement of analysis 
is not as important as details of construction. They do show experi¬ 
mental results indicating the Q-hg phenomenon (Figure 3) and the 
jump phenomenon (Figures 7,8, and 9). If limitation on paper length 
were the reason for omitting the experimental results on amplitude 
control, it would have been preferable from my viewpoint to omit the 
ferro-resonant analysis, which is not particularly pertinent as indicated 
above, in order to make room for liiis more important information. 
Perhaps, in their closure the authors will be able to give some ex-, 
perimental results for the amplitude control system. 

J. C. West, in reply 

I would like to thank Doctor Newton for his important comments, 
I regard the basic oscillation of this system as a closed-loop condifion. 


Position of the ring is measured inherently by mutual couplhig and 
determines, through the dynamics of the system, the amplitude of 
oscillation. It is open-loop in the sense that basically there is no ex-* 
ternal control of amplitude or frequency and these alter with varying 
external load. 

For die particular textile application, we desired to vary the 
amplitude of oscillation in a controllable manner. The pulse circuitry 
forms a practical method but adds considerably to the complexity of 
the total system. 

The results obtained were: 

(1) Effective control of a fixed amplitude in spite of load variation. 

(2) Controlled variation of the amplitude of oscillation from 10 cm 
up to 20 cm. 

(3) The frequency is not controlled and varies by about 30 per 
cent for a 200 per cent change in amplitude. 

(4) The frequency can be adjusted if desired by at least ± 50 per 
cent of the unloaded frequency by variation of the supply voltage. 
Greater variation can be obtained if alteration of the size of series 
condersers can be tolerated. 

The analysis is simplified deliberately since a more rigorous ap* 
proach becomes extremely complicated and lengthy. This has been 
undertaken using digital and analogue computer aids and some 
results are given in Reference 4, which includes the effect of the 
velocity of the ring. The jump effect without control does not take 
place until the ring has come to rest, stopped mechanically by the 
coil sides. Hence it has little effect of an external triggering pulse* 

O. J. Numminen, Typpi Oy Finnish Society of Automatic Control^ 

Oulu, Finland 

(1) What output does the mechanism deliver at its present state ? 

(2) How is an increase of output power possible? 

(3) What is the behaviour of the mechanism when the ring is braked 
during its travel, i.e, when mechanical output is taken from the 
system? 


The force on the moving ring is used to overcome friction, to move a 
load and to accelerate the moving parts. Hence the greater the load 
force, the less force is available for acceleration and consequently 
the longer the traverse time. The jump phenomenon of ferro-resonance 
is position dependent and not time dependent and the result can be 
considered as a changeover switch where the direction of the force 
depends on the ring position. Thus loading the ring does not inhibit 
oscillation but reduces the frequency. 


J. C. West, in reply 
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Yu. K. VASILIEV, Yu. A. PROKOFIEV and G. Ya. WAINBERGER 


Summary 

Active rotor stepping motors of two-rotor and two-stator types are 
described and methods of the calculation of steady-state and transient 
response of stepping motors are given. When deriving the expression 
for the static torque, all the changes of the field wave in the air gap due 
to the presence of salient stator and rotor poles have been replaced by 
corresponding change of the magnetomotive force. Magnetic field 
modelling was carried out with the aid of an EGDA integrator to 
obtain a more accurate calculation of the magnetic circuit of stepping 
motors. The deduced expression for steady-state torque accounted for 
both the torque proportional to the product of stator and rotor 
magnetomotive forces and reactive torques due to stator and rotor 
m. m. f.’s. It enables one to analyse the influence of teeth zone geo¬ 
metry and magnetic circuit parameters upon the torque value. Ana¬ 
lytical calculations of the resolution of stepping motors subjected to 
a frequency surge are made on the assumption of an instantaneous 
current surge in the winding and a rectangular static torque wave. For 
a sinusoidal static torque wave, the above-mentioned calculations have 
been made with the aid of an MH-7 mathematical model. The obtained 
set of the motor’s resolution characteristics as a function of load is 
to some extent universal, so that by means of simple calculations one 
can obtain these functions for different rotor inertia values. The report 
also includes an approximative calculation of the resolution of syn¬ 
chronously operating stepping motors. 

A method has been developed on the assumption that currents in 
the controlled windings change exponentially with a certain average 
time constant and that angular steady-state response is sinusoidal. 

Sommaire 

Un moteur k action selon un dchelon rectangulaire 6quip6 d’un double 
rotor et d’un double stator est d^crit, et la m6thode permettant de 
calculer sa r6ponse transitoire et permanente est indiqu^. Pour dtablir 
Texpression du couple moteur, les changements du champ magn6tique 
de I’entrefer ont 6t6 remplacfe par des changements correspondants 
de la force magn^tomotrice. La repartition du champ magnetique a 
ete determinde k I’aide d’un integrateur EGDA pour calculer avec 
toute la precision voulue le circuit magnetique de ce moteur. L’ex- 
pression ainsi obtenue du couple tient compte d’une part du couple 
proportionnel au produit des forces magnetomotrices du stator et du 
rotor, et d’autre part, de la reaction de I’induit. Cette expression permet 
de tenir compte de I’influence de la gdometrie de la forme des encoches 
ainsi que des parametres du circuit magnetique. 

Un calcul analytique de comportement d’un tel moteur soumis k 
une sollicitation periodique, est indique dans I’hypothese de I’etablisse- 
ment instantane du courant dans les enroulem^ts et d’une courbe des 
couples variant selon une oscillation rectangulaire. Ce comportement 
a ete egalemeilt determine pour des variations des couples selon une 
courbe sinusoldale, et cela au moyen d’un modeie mathematique MH 7. 
Les caracteristiques du moteur ainsi obtenues en fonction de la charge, 
sont presentees sous une forme generate; par un simple calcul il est 
possible d’obtenir ces caracteristiques pour dififerentes valeurs de 
I’ihertie du rotor. Le rapport donne egalement un calcul approche du 
comportement de moteurs k action rectangulaire marchant en syn- 
chronisme. 

Une methode de calcul a egalement ete developpee dans I’hypothese 
que le courant circulant dans I’enroulement de contrdle varie selon ime 
courbe exponentielle avec une constante de temps moyenne, et que la 
reponse angulaire est sinusoldale. 


Zusammenfassung 

Schrittmotoren mit aktivem LSufer der Bauart mit zwei Laufem und 
zwei Standern werden beschrieben; es werden Methoden fur die Be- 
rechnung des Beharrungsverhaltens und des tJbergangsverhaltens der- 
artiger Schrittmotoren angegeben. Bei der Ableitung des Ausdruckes 
fQr das statische Drehmoment sind Feldanderungen im Luftspalt auf 
Grand des Vorhandenseins besonderer LSufer- und Statorpole durch 
entsprechende Anderung der magneto-motorischen Kraft ersetzt 
worden. Das Modell eines Magnetfeldes wurde mit Hilfe eines EGDA- 
Integrators aufgestellt, um grdfiere Berechnungsgenauigkeit fiir den 
magnetischen Kreis von Schrittmotoren zu bekommen. Der abge- 
leitete Ausdruck fur das statische Drehmoment beriicksichtigt sowohl 
die Bremsmomente auf Grand der magneto-motorischen KrSfte von 
Stander und LSufer wie auch das Drehmoment, das dem Produkt 
dieser beiden Krfifte proportional ist. Darauf aufbauend kann man 
den EinfluB der Zahnung und der magnetischen Kennwerte auf den 
Betrag des Drehmomentes analysieren. Die Berechnungen fur die Auf- 
iSsung von Schrittmotoren, die einer pldtzlichen Anderung der Fre- 
quenz unterliegen, werden unter der Annahme eines augenblicklichen 
„Anschwellens“ des Windungsstromes und einer rechteckigen Welle 
des statischen Drehmomentes durchgefuhrt. Fiir den Fall der sinus- 
fdrmigen Welle des statischen Drehmomentes wurden derartige Be¬ 
rechnungen mit Hilfe eines mathematischen Modelles vom Typ MH-7 
durchgefuhrt. Die berechneten Merkmale der Motoraufldsung als 
Funktion der Belastung sind einigermaBen allgemeingiiltig, so daB 
man mit Hilfe einfacher Berechnungen diese Funktionen fiir ver- 
schiedene Lfiufertrfigheiten bekommen kann. Dieser Bericht enlhalt 
auch eine angenSherte Berechnung der AuflSsung von synchron- 
betriebenen Schrittmotoren. 

Es wurde ein Verfahren entwickelt auf Grand der Annahme, daB 
sich die Str5me in den gesteuerten Wicklungen mit einer bestimmten 
mittleren Zeitkonstante exponentiell andera und daB der Winkelaus- 
schlag im Beharrungszustand sinusfdrmig erfolgt. 


Step motors are synchronous pulse motors, intended for the 
transformation of electrical control signals into discrete (stepped) 
movements of mechanisms. The speed of revolution of a step 
motor is regulated by alteration of the frequency of the control 
pulses, and the angle of rotation strictly corresponds to the num¬ 
ber of pulses sent. At zero frequency the rotor of the motor is held 
by an electromagnetic field or some other locking arrangement. 

The control programme of a step motor is introduced through 
a translator, which serves for shaping, amplifying and distribut¬ 
ing the pulses to the motor windings. The translator is based on 
thyratrons or controlled semiconductor elements, but in a num¬ 
ber of cases may also be mechanical. 

The use of step motors allows one to make open-loop discrete 
systems without checking the output values (without position 
pick-ups) and without feedbacks, which simplifies automatic 
systems considerably. The quality of such systems (response 
and accuracy) is predetermined to a considerable extent by the 
properties of the step motor. 

The required accuracy of the output values can in principle 
be obtained by the appropriate choice of the unit angle flgtep of 
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the Step motor (the angle of rotation when one pulse is sent). In 
practice, in existing step-motor designs the smallest value of 
the unit step is limited to the minimum possible tooth pitch 
and lies within limits of 0*5-3°. 

Further reduction of ^step* where this is necessary, is effected 
by using mechanic reducing gears. 

The response of a system depends on the resolution of 
the step motor and translator at the selected value of the unit 
step. The resolution or the limit tempo (N) attained by the rotor 
when the motor is in synchronous operation with a smooth 
increase of the frequency of the supplied pulses, and the resolu¬ 
tion or limit tempo (AiV) with step increase of the pulse repeti¬ 
tion frequency from the immobile state of the step motor rotor 
(receptiveness) are distinguished. 

In both cases, the absence of motor hunting at a given load 
on the shaft and at the predetermined moment of inertia of the 
load serves as the criterion of stability. Thus the following will 
be the operating characteristics of the system of a step motor 
with a translator: 

AN=/ (Mji) or AiV'‘5step=/(^H) and 
Af=/ (Mfj) or N • 0step=/ (Mh) when J=const 

where / is the moment of inertia of the load, and Afe is the 
torque of the load. 

At the present time, step motors are used in machine tools 
and automatic gas-cutting outfits with programme control as 
the drive or servo-drive of the advancement gear, for remote 
control of the position of controlling valves and slides, for 
programme input (punched-tape or punched-card drive), 
for actuating synchros, potentiometers and switches, as a 
counter-adder, etc. 

It is also possible to use step motors in automatic closed-loop 
discrete systems with discrete position pick-ups and feedbacks. 
The use of step motors makes it possible to replace many of the 
closed-loop servo-systems in existence at present by simpler 
open-loop systems. 

There is a large number of types and designs of step motors^*^ 
with various principles of operation and design features. 
They can all be divided into three groups according to their 
operating principle; (a) electromechanical step motors; (b) step 
motors with reactive rotor; (c) step motors with active rotor. 

The characteristic of the first type is that the motors have a 
ratchet mechanism which limits their speed of response, power 
and service life. The second type, which has up to now been 
most ^dely used in the triple-stator form, does not have this 
major disadvantage of the electromechanical motors and can 
have comparatively good indices (weight, dimensions, frequency 
characteristics) provided that it is made for small unit angles 
(0*5-6°). It should be noted that these motors tend to operate 
unstably, especially during idle running and under high dynamic 
loads, which makes it necessary to take special measures against 
rotor swinging (clutches, various damping devices, current cut¬ 
offs). Active-rotor motors, which have control windings placed 
on the rotor or stator and electromagnetic or permanent-magnet 
excitation, in principle allow one to obtain higher utilization 
of materials, as a result of which their weight indices and 
dimensions are improved, at high speed of action (iVbstep and 
AAT-^stcp). In practice &ese advantages of active-rotor step 
motors manifest themselves most fully, starting from high unit 
angles (d^tcp > 22*5°). Reduction of the unit angle, which is 


very important, all other conditions being approximately equal, 
is possible in the double-rotor or double-stator step-motor 
designs considered below. 

The double-rotor step motor* has a stator with a concen¬ 
trated winding (or without a winding, made from permanent 
magnets) and a rotor consisting of two sections fitted on the 
same shaft with a shift of half a pole pitch (Figure i). The num¬ 
ber of teeth on the stator equals their number on the rotor, and 
each tooth is a pole. The stator winding is an excitation winding 
and during operation its polarity remains unchanged. The 
control windings are located on the rotor and are supplied 
with pulses of current in accordance with various graphs 
[Figure 2(a\ (b) and (c)]. 

With alternate-simultaneous supply of the control windings 
[Figure 2(6)1 the number of fixed positions of the rotor is 
doubled. Although in this case the switching circuitry be¬ 
comes somewhat more complex, the resolution of the motor is 
increased considerably as the result of fractionation of the step. 



The motor is reversed by altering the order of sequence of the 
positive and negative pulses in one of the controlled windings 
of the rotor. 

The advantages of the double-rotor motor are design and 
technological simplicity, compactness, good use of active mate¬ 
rials and a hi^ ratio of the maximum electromagnetic torque 
of the motor to the moment of inertia of the rotor (dynamic 
quality). The zone of stable positions (Oz) of the rotor, in com¬ 
parison with the magnitude of the step (Ostep) in double-rotor 
step motors [Figure 5(a)] is greater than in a triple-stator motor 
[Figure 3 (b)’\, which reduces the possibility of hunting of the 
motor in the case, of considerable loads or oscillations of the 
rotor. ’ 

Moreover, the control of the motor by means of the rotor 
makes it possible, even in the case of power motors, to use 
solid-state control circuits, since the m.m.f. of the rojtor is usu¬ 
ally 2-4 times less than the m.m.f. of the stator, the winding 
of which is not switched. 

♦ Soviet patent certificate No. 131811, dated 10 June, 1959, 
granted to Yu. K. Vasiliev. 
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(a) 


i—HU. 1st section of rotor 
—► 2nd section of rotor 
—Stator 



1st section of rotor 
2nd section of rotor 
Stator 


. 


1si section of rotor 



2rtd section of rotor 
'► Stator 


F/ii-wre 2, Control pulsea on the wimUngH of a .step motor 



3-stator step motor with reactive rotor 



Figure 3. Zone of stable rotor positions ami unit step of motor 


The rotor can be made beak shaped, as is done in electro¬ 
magnetic clutches or high-frequency machines* Special beak- 
shaped constructions with stationary coils which create the rotor 
field, enable sliding contact to be avoided. 

The disadvantages of the double-rotor motor are the fact 
that use is not made of the reactive torque proportional to 
sin 2 0 , the four slip rings on the rotor (in the non-beak-shaped 


design), and the need to produce heteropokir current pulses in 
the control windings. 

The double-stator step motor’'* consists of two machines, 
the rotors of which arc mounted on the same shaft. 'Hie stator 
and rotor have windings and a salient system of pole teeth 
{Figure 4), 

The rotors or stators of the machines arc shifted relative to 
one another by one half a loolli pitch. 'Fhe control Nvindings 
are located on the stator (rotor), anti the rotor (stator) is sup¬ 
plied with constant d.c. voltage. 

Stepping operation of a double-stator motor is accomplished 
in the same way as td‘ the double-rotor motor. 

The rotor may be built with permanent magnets, which 
makes it possible to avoid slip rings; a certain degree of opening 
of the slots on the rotor and the stator enables one to utilize the 
reactive torque but considerable opening of the .stator slots is 
undesirable, since it leads to impairment of the shape of the 
angular static characteristic and to a reduction of the resolution. 



Cross«s^tion through AA Cross-section through 0B 



The double-stator step motor may be made of the face type with 
ordinary or printed circuit rotor windings. 

The double-stator and double-rotor step motors are made as 
power and fractional horse-power motors. 

There are two-phase step motors with an active rotor and 
with radial positioning of the two section.s (phasc.s) of 
the motor stator, as in an ordinary two-phase synchronous 
machine®. 

The double-rotor and double-stator step motors examined in 
this paper, with axial positioning of the sections (phases), have 
basic advantages over motors with radial location of the sec¬ 
tions in a lesser moment of inertia and a greater stator tooth 
pitch, with an identical unit step, i,o., in better utilization of 
the materials of the machine. 

* Soviet Authors Certificate No, 129110, dated 10 June, 1959, in 
the name of Yu. K. Vasil iev. 
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Some Problems of Step Motor Theory 

The main problems of research into step motors are as 
follows: 

(1) The development of a method for calculating the static 
angular characterisUc = /(6), where 0 is the error angle 
between the vectors of the stator and rotor m.m.f. (Figure 8), and 
Me the steady-state torque developed by the immobile motor. 

(2) The development of a method for calculating the fre¬ 
quency characteristics N — /(Mh) and AN == /(Mb). 

(3) Energetic investigation of step motors—flosses and 
efficiency, 

(4) Investigation of the geometry and the formulation of a 
calculation method. 

(5) The development of a technique for experimental study 
of step motors. 

(6) Study of step motor control circuits. 


This paper considers approximate methods of calculating 
the static and frequency characteristics, which make it possible 
to determine the main parameters of a designed machine. 

Calculation of the static angular characteristic is necessary 
for correct designing of step motors, selection of the symmetry 
of slot geometry, and also for accurate calculation of the fre¬ 
quency characteristics. 

The static characteristic can be obtained very accurately by 
the graphic method in accordance with the expression of 
the torque, written in the general form: 


d^ d 
d0 


d0 



( 1 ) 


where K is the number of connected windings, Ff' is the portion 
of the energy of the electromagnetic field of the motor which 
is converted into mechanical work, ig is the winding current, 
and 'ipK is the flux linkage of the windings. 

For this the curves 'ipg =/(&:) have to be calculated for 
various rotor positions. However, this calculation presents con¬ 
siderable difficulty because of the complexity of the field pattern. 
To ascertain the nature of the variation of the fluxes in relation 
to the position of the rotor, and to make possible accurate 
calculation of the magnetic circuit, the magnetic field in the 
gap was simulated (by Rybalenko) on an EG'D/i integrator*. 

By way of example in Figures 5(a) and (b\ field patterns are 
given for two rotor positions. The results of actual measure¬ 
ments of the magnetic fluxes of the motor practically coincided 
with the simulation findings. An approximate expression of the 
torque can be obtained from (1), assuming the magnetic 
permeability of the iron to be constant. The saturation of the 
magnetic circuit is taken into account by the introduction of the 
concept of the rated air gap & which assumes the magnetic 
circuit to be unsaturated for the same flux as in the case of a 
saturated circuit. ^ 

where <5 is the real gap; the coefficient of saturation, equal 
to ZFIFd; 2JFfh& total m.m.f. of rotor and stator per one pole, 
and F8 the m.m.f. per one real gap. 



Figures. Field pictures 
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Other assumptions: 

(fl) The number of teeth on stator and rotor is the same and 
equals the number of poles 

Zs—Zji=2p 

(b) The air gap beneath the pole has a constant size: the size 
of the gap is small in comparison with the pole (tooth) pitch t; 

(c) All the changes undergone by the curve of the field in the 
gap from the presence of the salient stator and rotor poles are 
replaced by corresponding changes of the m.m.f., assuming the 
gap to be uniform and equal to the rated one; 

(d) From the stator and rotor m.m.f. curves, use is made of 
the first harmonics. Moreover, account is taken of the travelling 
gaps in the stator and rotor m.m.f. from the opening of the 
slots both on the rotor and on the stator (Figure 6), 



Figure 6 


Bearing in mind the assuinptions adopted an expression of 
the moment for one rotor is obtained, after transformations, 
which consists of three components: 

^c-MR+Msr+Ma ( 2 ) 

Mr is the reactive torque from the m.m.f. of the rotor with 
open stator slots, 

Afjt=sin 2 0+04 sin 4 0 

Mst is the reactive torque from the stator m,m.f. vrfth open 
rotor slots, 

Msr=62 sin 2 0 +£>4 sin 4 0 

Ma is the active torque, 

=Cl fsin 0+C3 f^ sin 3 0+Cj sin 5 0 

The coefiScients a^, h,, b^, c^, c# and Cj take into account 
the slot geometry, of the tooth layer of stator and rotor, and 
equal 


a2—2nciLc^inn(x.c 

^i4=sin^7ra<. 

62=2 Trap sin Tra^ 


h4.=sin^7rap 



5 . 

C 5 sin noLc • sm n cUp 


With simultaneous connection of the two phases in ac¬ 
cordance with the network shown in Figure 2(b), the second 
harmonic in the resultant torque is missing. It should be 
noted that even a small opening of the rotor and stator slots 
has a considerable influence on the torque-curve shape. 

Only for ^ 0*95—^the coefficients of the pole 

overlap of the rotor and stator—does the angular characteristic 
approach a sinusoid. An unsuccessfully selected slot geometry 
cm lead to considerable gaps in the torque curve, which 
either reduces the frequency characteristics of the step motor 
or, because of the swings of the rotor, makes its operation in a 
wide range of frequencies impossible. In a number of cases, 
the stator or rotor slots are skewed to improve the angular 
characteristic. Figure 7 gives the calculated and experimental 
static characteristics of pilot models of active-rotor step motors. 

Approximate Calculation of the Characteristic ANnp = /(Mr) 

The aim of the calculation is to determine the minimu m 
time between two consecutive control pulses (t„aiin)> at which 
the rotor still runs up from a state of rest without missing steps 
under the preset load. 

Then j 

(steps/sec) 

^ttinin 

The above problem will be considered using as an example a 
double-stator (or double-rotor) motor, when the control wind- 



Figure 7. (a) Angular characteristic of power step motor: (b) Angular 
characteristic of 2~r6tor step motor 
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ings are supplied alternately [Figure 2{a)]; for approximate 
calculations it is assumed that the currents change instan¬ 
taneously, and the angular static characteristic of each rotor 
has a rectangular shape. 

In this case the rotor motion equation adopts the form 

-( 3 ) 

Here ^ is the angle between the axis determining the instan¬ 
taneous position of the rotor relative to the positive direction of 
the stationary axis of the stator winding. 

J is the moment of inertia of the motor and the mechanism. 
The direction which corresponds to the movement of a right-hand 
screw when it is turned in the direction of flow of the current 
in the winding will be taken as the positive direction of the axis 
of the winding. The angles will be positive clockwise, counting 
from the axis of the stator winding. Figure 8 shows the schematic 
manual position of the step motor windings in one plane. 



Figure 8. Arrangement of windings of step motor with active rotor 

D is the damping coeflScient of the torque of the type of 
Viscous friction’ (for example the torque from eddy currents 
induced in the iron of the rotor or a special damping cell). 

is the load-torque of the dry friction type. 

is the electromagnetic torque of one rotor. For 
0 = 0 -r jr Afg has the plus sign (+), and for 0 = 0 -r — n 
the minus sign (—). 

Switching in one of the rotor windings leads every time to 
the instantaneous rotation of the vector of them.m.f. of the rotor 
anticlockwise through an angle ^ njl. The movement of the 
rotor itself is effected in a positive direction. Thus the instan¬ 
taneous position of the vector of them,m.f. of the rotor relative 
to the stator m.m.f. vector {Figure 8) for any step is equal to 
the difference of the angles p and n njX 

At the end of each step the angle 6 determines the angular 
dynamic error of the step motor. Introducing into eqn (3) the 
parameter Jf and after carrying out transformation, one obtains 
for ‘p’ pairs of poles 



where 


H=314^—-^ 
P M, 


is the inertial time constant of the step motor in electro-radians. 

Since this parameter includes the ratio MJ/ (dynamic 
quality), it determines to a considerable extent the dynamic 
properties of the system ‘motor plus mechanism’. . 
t is the time in radians; t [rad] = 3141 [sec] 


. 314 D 

pM, 

is the damping coefficient. 


is the torque of load in fractions of the electromagnetic 
torque. 

The run-up of the step-motor rotor is effected not over one 
step, equal to but over several steps {Figure 9^ curve 2). 
If at the end of the first step the motor makes some, negative 
angular error — A^, then at the end of the second step the rotor, 
having a greater mean speed during the step, commits a smaller 
angular error \A6^\ < |A 0 i| (the total error over two steps 
equals = — [A^j + etc.). In some ATth step the rotor, 
over the time 4 niin, can have a mean speed sufficient to traverse 
an angle greater than 0 step and the total error begins to decrease. 

Subsequently the process of change of the dynamic error 
^ =^f{n) may have an oscillatory nature {Figure 10). Under 
certain conditions (low damping, unfavourable shape of angular 
characteristic) there may exist frequency bands (usually in the 
under —100 c/sec range) where the error oscillation is of a 
resonance nature. The amplitude of the rotor oscillation rises 
and this unavoidably makes the motor fall out of synchronism. 
The following may be effective measures against this phenom¬ 
enon: load (which reduces the amplitude of the oscillations of 
the rotor), improvement of the shape of the angular character¬ 
istic, and so on. Such conditions require special consideration. 

These approximate computations of the characteristic 
ANnp —/(F) will be confined to conditions under which the 
assumption is valid that the rotor will remain in synchronism 
if the total error in the first swing does not have a limitlessly 
increasing nature {Figure lOy curves 1 and 3), but has a definite 
maximum. Under limit conditions this maximum must be de- 



Figure P. (1) — n utl2 =/(n) is the curve of movement of the vector of 
the m.m.f of the rotor as a function of the number of switchings in the 
control windings; (2) p *= f{t) is the rotor motion 
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N 


Figure 10. Variation of dynamic error in the process of run-up of the 
step-motor rotor 


termined by the criterion of stable operation of the motor in 
the first oscillation of the function B — f(n). 

The following proposition may serve as such a criterion; if 
during the run-up, when there takes place a process of incipient of 
the error B, the rotor, at the moment when switchings occur, does 
not enter the zone of eccess braking torques (i.e., B < |—ro|, 
which leads to a falling out of synchronism), the motor will 
attain in a speed at which the level of the error ,remains un¬ 
changed {Figure 10, curve 3) or decreases {Figure 10, curve 1). 

Thus the criterion of stable operation of the motor in the 
first swing of the error will be 




:S|-Jt+0s,.p| 



for a rectangular characteristic independent of the load. 

In view of the above criterion, the rotor in the first period 
of the run-up will be under the influence of excessive accelerating 
torques, and will move in one direction. Therefore, eqn(4) will 
be re-written in the following form: 





( 5 ) 


By solving this equation a formula is obtained from which 


can be found /„niin and, hence, AATwp as well, if the load B and 
damping coefficient A are set. 


>'-«««•+-7 


IV^wmin ^ / L (l’“^)^iminj ^uininj 


for ^ = 0 


=0 ( 6 ) 


In such a form the resultant expressions, within the limits 
of tlie assumptions adopted herein, are suitable for calculations 
of the characteristic lUiNnp =/(J?) of other types of step 
motors, in which Sstep # ^12 

For double-rotor and double-stator motors 


AArnp=355 l-jj- (steps/sec) (6b) 

As can be seen from formula (6a), the response of the 
motor will be the greater, the smaller the size of the step in 
electrical radians. In this case, however, there is a simultaneous 
increase of the dynamic errors which, as for example in reducer 
step motors®, can attain a magnitude of several steps. 

Calculations and experiments show that the shape of the 
angular static characteristic is far from rectangular and in a num¬ 
ber of cases is better approximated by a sinusoid or a triangle, 
although an analytical solution in the general form becomes im¬ 
possible. Therefore, for motors with 0step = ^12 and a sinusoidal 
angular characteristic, the other assumptions being the same, 
a calculation was performed of the characteristic AiV/ip = f{B) 
{Figure 11, broken line) on an MN-l mathematical simulator, 
specially pre-set to solve this problem®. 

In this case the initial equation was 

^+2.^-sm9—Bsign[^] (7) 

which is obtained from eqn (5) via the substitution 



Steps/seciA^im Characteristics AN,j^f (B) 

- _For right angled 

\ -steady-state response 

' characteristic (calculation 

according to formulae) 

-Fpr sinusoidal steady- 

state resppnse 
characteristi^calcula tion 
on MN-7) 


Figure 11 
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and of the rectangular characteristic by a sinusoidal one. 
The given equation is valid for one step {n = 1). In solving the 
next step new initial conditions obtained from the solution of 
the preceding step were each time introduced automatically: 




de 


dd 

d(p 

Htt 

d(f> 




The introduction of q>^ which is proportional to the time, 
made it possible to impart a universal nature to the family of 
characteristics AiVn'p = /(B), since, calculated for (o^ = 1, they 
can easily be recalculated for other (o^ by multiplication of 
LN'np and od by the new value of 

AN„,^AK,^cOo 

a-cd-coQ 


( 8 ) 


Approximate Calculation of the Characteristic Nnp =/(Mjy) 

When the limit tempo under conditions of synchronous 
revolution is considered, the rotor does not swing around the 
position of equilibrium, since the opportunity would always 
exist to reduce the time between two control pulses (O to a 
value which would precisely equal the time needed by tiie rotor 
of the motor to traverse the angular step Ogtep- This means that 
the rotor will operate on that section of the dynamic angular 
characteristic when over one step the maximum of electro¬ 
magnetic energy is consumed and the initial conditions at each 
step will be the same. Moreover, in the testing of experimental 
models, unevenness of rotor travel practically disappears even 
in the absence of load, starting from approximately 75 steps/sec 
(Figure 12). 

The motion of the rotor may therefore be assumed to be 

-T-—const and 
at at 

Thus the energy brought to the rotor is expended electro- 
magnetically on the performance of mechanical work. 


Ojr+Ostcp 


roff- 

J 0s 


M,(0.<„,T)d0=MH0,..p+Z)%2 (9) 


Mg is the total dynamic torque created by the two rotors of the 
step motor (or the dynamic angular characteristic). It depends 
on the error angle 6, is a function of a parameter of the step 
and the time constant of the switched windings T. For a step 
motor controlled by means of simultaneous supply of the wind¬ 
ings [Figure 2(^>)], the expression of the dynamic torque has the 
form: 


^max 


2 tu (^0 ~ 
Tmeanit 



■-—\ll 

Tmeaa I T 


( 10 ) 


Here, 0o is the angle corresponding to the load torque. 

This formula is obtained on the condition that the angular 
steady-state response curve is sinusoidal, when the currents in 
the controlled windings rise and fall according to exponential 
relationships with some mean time constant Tmean* in which the 
parameters of the control circuit may also be taken into account. 

The formula presupposes a periodic process of variation of 
of the current for any relation between 4 and Tmean including 
when r^eaii > 

Having substituted Mg under the sign of the integral of 
formula (9), the electromagnetic energy used up on the per¬ 
formance of mechanical work is obtained after integration. The 
maximum of this energy will determine 

( 11 ) 

where 


4^2 \ 

1 I ^ min \ 
■* mran/ 


fti min / 

2e 

^ \ 7LJ niean 


I 2 tu n»ln \ / 

\lH-e j f j 

(t I ^ f 1 _— 

V V 


2 tu Tnln \ 

Tmean J 


( 2 tu mltt \ / 

i+e j(l + 


4tl 


*« min 

* mMn 


Setting various values of Mh the required characteristic 
ANnp =f(Mji) can be calculated for particular parameters 

3^mean ^nd D where Nnp = —-— steps/sec. 

^umin 

The theoretical conclusions obtained were for the most part 
checked experimentally on double-rotor and double-stator step 
motors. Table 1 gives the calculated and experimental findings 

Table I 


2-stator step motor Afmax = 2,700 gem; 

^step = 22-5®, 2p = 8; /p = 0*5 gcm/sec*; X> ^ 3 


JaddU 

ANnp experimental 

ANnp calculated 

0 

154 

164 

M8 

77-5 

89 

2*1 

59 

72 

3-94 

45 

55 



Figure 12. Oscillogram: idle running of 2^rotor step motor 
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Figure 13. Torque ys. frequency characteristic of synchronous operation 
of 2'‘rotor step motor 


for the values of Aat np under no load and for various additional 
flywheel masses, while Figure 13 shows the calculated and ex¬ 
perimental characteristic Nnp ^fiMn) 

The calculations were performed in accordance with for¬ 
mulas (6) and (11), with a thyratron translator; a rope brake 
and scales were used for the experiments. 
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Some New Control Circuits Using Four-layer 
p-n-p-n Semiconductor Triodes 

J. S. HASKOVEC and A. KLIMEK 


Sommary 

The properties of four-layer p-n-p-n triodes are considered, and form 
the basis for the design of new control circuits using these triodes. The 
first group of these includes networks with series-connected rectifier 
bridge circuits using triodes for the stepwise control of output 
voltage. The second group is made up of single- and three-phase net¬ 
works in which only one of a group of p-rhjhn triodes is controlled 
by the external control circuits. The triode losses in the various con¬ 
trol circuits are compared. 

Sommaire 

On examine les propri6t6s des triodes 4 quatre couches p-n-p-n, en 
vue de former de nouveaux circuits de commande. Le premier groupe 
de ces circuits concerne des r6seaux de ponts avec des redresseurs 
months en s6rie et utilisant des triodes p-w-p-n pour la commande k 
Echelons de la tension de sortie. I-e deuxitoe groupe concerne des 
r^eaux mono- et triphas6s dans lesquels seulement Tune des triodes . 
p-w-p-/f est command^eparun circuit externe. On compare les pertes k 
travers les triodes dans les diffdrents circuits de commande. 

Zusammenfassung 

Die hier betrachteten Eigenschaften der steuerbaren p-«-p-« Vier- 
schichten-Trioden bilden die Grundlage flir den Entwurf neuer 
Schaltungen fur die Regelungstechnik. Die erste Gruppe der^ger 
Schaltungen betrifTt Netzwerke von in Reihe liegenden Gleichrichter- 
brucken; dabei werden die steuerbaren Siliziumzellen fur die stufen- 
weise Steuerung der Ausgangsspannung verwendet. Die zweite Gruppe 
besteht aus Wechsel- und Drehstromnetzwerken, bei denen aus einer 
Ghuppe von steuerbaren Siliziumzellen nur eine vom aufienliegenden 
Steuerkreis bet^tigt wlrd. Die Verlustleistungen der 2^11en in den 
verschiedenen Reglerschaltungen werden verglichen. 


Four-layer p-«-p-n Semiconductor Triodes and their Properties 

The operation of four-layer p-n~p-n triodes in electrical circuits 
is analogous in nature to that of a controllable gas-discharge 
rectifier, as for example a thyratron. They differ from the 
conventional controllable gas-discharge rectifiers by certain ad¬ 
vantages. In the first instance these are the low voltage drop 
across the rectifier in the conducting state (of the order of 1 V), 


the increased permissible working temperature, and following 
from this the substantially smaller dimensions and weight. The 
small losses, together with the fairly high inverse voltage (of the 
order of hundreds of volts), lead to a high efficiency in control 
circuits. Advantages are the instantaneous readiness for opera¬ 
tion and the very high power gain. Four-layer triodes are now 
being produced for currents from 1 to 200 amps and voltages 
from 20 to 800 V, which completely satisfies the requirements for 
most circuits to control electrical energy in industrial automatics. 

For control, four-layer triodes make use of the variations 
in transmission properties of junction 11^ (see Figure 7), which 
is reverse-biased. This change is brought about by the effect of 
the currents in the adjacent junctions ITi and /Ts. For clarity, 
in the rest of this paper, the four-layer triode is represented 
by an equivalent circuit containing two complementary 
transistors, a p-n-p and an n-p-n, connected as shown in Figure 
1 (fl)^» Figure 1 (b) shows the electron currents (white arrows) 
and hole currents (black arrows) when the triode is forward- 
biased. Using this represientation, equations cam be written 
down for the currents in the steady state. Thus, for example, 
the current of electrons disappearing in the base n through 
recombination is equal to the current of electrons flowing into 
the base w, represented by the currents (f + 4) 4o 

(1 (•^’F-rj;)“hfcO 

or after rearrangement 

The right-hand side of eqn (1) depends only on the current I 
and ly. Here it must be borne in mind that and are 
non-linear functions of the current /. The left-hand side of 
eqh (1), /co* depends on the voltage across junction /Tg. This 
relation also is non-linear^. Figure 1 (c) shows the resultant 
external characteristic for the four-layer triode with ly = const. 
With forward bias, this characteristic has a section OA where 

and Jeo>0 (2) 

and at the point J3 

^pnp’^^npw’™ 1 and. (3) 
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For the section BC one has 


1 and lg^<0 (4) 

i. e. 4, flows in the conducting direction of the four-layer triode. 

In the further section BC, the voltage drop over the four- 
layer triode approaches the value of the drop across a single 
p-n junction, since the current flowing exhausts all the carriers 
existing near junction and so this junction is biased in the 
opposite sense to J7j and 11^, which are forward-biased. 

For fee four-layer triode to be Cut off (transition to the non¬ 
conducting state), the current I must become less than 4 
[Figure 1 (c)] for zero 4 . In a.c. circuits this condition is fulfilled 
by the current through the rectifier falling to zero at a certain 
part of the period. 

If the four-layer triode is connected in a circuit carrying 
a current that does not decrease to zero under the influence of 
external conditions, then it can be cut off by deionization of 
junction 11^ (removal of excess carriers). This can be achieved 
by applying a negative control current 


_/ _ j ^^Pnp “i*^ pb) 1 


^npn 


(5) 


Since in the conducting state =sa= 1, the control current 
necessary for deionization 

\Iy\^I 

This clearly requires a high-power source for the control 
current. 

Only circuits with a.c. supply are considered in the rest of 
this paper. In these cases the control current only switches on 
(fires) the four-layer triode, and its source power is much less, 
and the control current only amounts to a fraction of a per 
cent of the nominal four-layer triode purrent. 


Basic Circuits for Controlled Rectifiers 

Figi^e 2 shows the basic triode control circuit. 

The control voltage Uy is applied between the control 
electrode and the cathode of the controlled rectifier 1, which 
is connected between the load 2 and the voltage source U. An 
impedance 4 (normally a resistor of a diode) is included in the 
control circuit. 

The control pulse generator may be built from the circuits 
that are used to provide the control grid voltage for gas-discharge 
and mercury rectifiers with positive firing characteristic, but 
it must not generate negative-going pulses. If this requirement 
complica.tes the design, then one can simply connect a low-power 
diode 6 in parallel with the control junction, as shown by the 
dotted line in Figure 2. 

The control pulse power is determined by the magnifiiHp of 
the control current and the voltage of the pulse generator. This 
voltage must be of the order of several volts. The control 
current must be greater than the value at which 

and is a fraction of a per cent of the nominal rectifier current. 
Here the control voltage may be either alternating or pulsed, 
synchronized with the rectifier ^ode voltage, high-frequency 
or direct voltage. 
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Continuous control is achieved by varying the phase of the 
synchronous control voltage in relation to the anode voltage. 
Discrete control is obtained by discrete switching in or out of the 
control voltage. A d.c. or high-frequency control may be used 
in those circuits where after the switch-on (firing) of the con¬ 
trolled rectifier the reverse voltage on the non-conducting recti- 



(a) 

Figure 3 


fiers falls to zero, i. e., the permissible reverse voltage decreases 
considerably when control current is applied. 

Semiconductor controlled rectifiers can be used in all known 
rectifier and converter circuits, both single-phase and multi¬ 
phase, and the corresponding single- and multi-phase control 
voltage generator circuits can be employed: In this paper particu¬ 
lar attention is drawn to those circuits that can be used by virtue 
of the special properties of semiconductor controlled rectifiers. 

Special Control Circuits 

As distinct from conventional circuits using gas-discharge 
rectifiers, here series connection of controlled rectifiers becomes 
of great importance, since the low voltage drop across them 
(about 1V) makes the switching possible without loss of efficiency. 

As an example. Figure 3 (n) shows a circuit with series- 
connected bridge rectifiers. This circuit has certain special 
features. The mean rectified voltage is the sum of the mean 
rectified voltages of the individual bridges, independently of 


phase shifts in the voltages supplying the individual bridges 
If the voltages across the secondary windings of the transformer 
are t/g and C/g, then maximum ideal rectified voltage 
is given by: 

U==0-9(t7i + l72 + [73) 

irrespective of whether and are in or out of phase 

with one another. When working from a three-phase supply 
there is a considerable reduction in the ripple, which equals that 
for six-phase rectification provided all the voltages are equal. 

A second feature is the facility for gradual control of 
individual bridges. This method combines the advantages of 
continuous grid control with those of stepwise control by means 
of a switch bringing in taps on the secondary winding of the 
supply transformer. It substantially reduces the reactive power 
consumption (increases cos cp) as compared with grid control, 
and removes the tap switch, whose function is performed by 
controlled rectifiers. 

A third feature is the reduction in the number of controlled 
rectifiers 1, since the second half of the bridges is made up of 
normal non-controlled diodes 2, which form the network carrying 
the load current during the intervals when the controlled rec¬ 
tifiers in the adjacent arms of the bridge are cut off. 

Thus, if for example the controlled rectifiers in one of the 
bridges are cut off, then the full load current flows through the 
normal rectifiers of that bridge. This means that they must be 
chosen so that their maximum operating current is equal to the 
load current /«. However, it is sufficient to choose the controlled 
rectifiers so that their maximum operating current is /«/)/2, 
since current does not flow through these rectifiers for more 
than half the period. 

The maximum inverse and cut-off voltage of all the rectifiers 
should be chosen to be greater than the maximum value of the 
corresponding supply voltage, for example]/ 2 

The control pulse generators 3, 4 and 5 may be connected in 
various ways. For example, continuous control may gradually be 
applied to one generator after another as shown in Figure 3 (b). 
Another possibility is for only onegenerator to have the facility for 
continuous control, the rest being able to control discretely by 
switching the corresponding bridge rectifiers on or off. Figure 3 (c) 
gives a diagram of this stepwise control. This control method 
can be slightly further modified by choosing values of the supply 
voltages for the individual bridges so that they form a geo¬ 
metric series. This variant is shown in Figure 3 (d). 

Such a method of control is an approach to digital voltage 
control. The limited space of this paper does not allow the 
consideration of all the variants of this form of control. One 
circuit only is shown, whose mean rectified voltage is controlled 
according to a binary-decimal code [Figure 4 (o)]. A feature of 
this circuit is the minimal number of rectifiers and supply 
transformer windings. Each rectifier is controlled independently, 
in such a way that for certain values of voltage only half-bridges 
are in action. The load on the supply transformer in these cases 
is asymmetrical, and so its core saturates. This fact must be 
taken into account in the design, though at low powers it does 
not gives rise to any particular problems. 

Figure 4(b) shows the binary-decimal code used, with 
weights.3, 3,2 ^d 1, and the form of the rectified voltage. The 
mean value of this voltage is 

17« = 045 (3 Ua -H 3 -b 2 ai + ao) C7 0-45 bU 
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Of course one can design circuits along the same lines with 
different sorts of code, for example 1, 2, 2, 4; 1,2, 4,4. etc. 

Gintrolled rectifiers also have a wide range of application 
in a.c. cycuits. Apart from the circuits familiar from the applica¬ 
tion of ignitrons as a.c. switches, the special properties of con¬ 
trolled rectifiers permit the design of simplified circuits suitable 
for controlling electromagnets, motors and other final control 
elements operating from a.c. sources. 

Figure 5 (a) shows a circuit with a single controlled recti¬ 
fier 1® which gives good control of an alternating current at 
any loading. The permissible operating current of the controlled 
rectifier should not be less than the load current /_. However, 
the permissible operating current of the rectifiers forming the 
bridge may be taken as I^f]/ 2, since the current passes through 
them for no more than a half-period. 

The mverse voltage on these rectifiers equals the cut-off 
voltage of the controlled rectifiers, i.e. ]/ 2 f/. A feature of the 
circuit is that the inverse voltage on the controlled rectifier is 
zero. Control is achieved by an a.c. voltageatthesamefrequency. 




by variation of phase (for continuous control) or (for 

discrete control). In this case one may also use a control voltage 
at a higher frequency. 

This circuit is only of significance when the mn trn iif^ 
rectifier is more expensive than four normal rectifiers. But its 
losses are two or three times greater than those of the circuit 
shown in Figure J(b). This circuit is designed for discrete 
control, and its first controlledrectifier 1 is controlled, for instance, 
from a standard magnetic logic element®*®. This is permissible 
where one pole of the source of the a.c. voltage may be 
connected to the common line of the logic elements. If that is 
not allowed, an isolating transformer must be used fliialng<^' i^ 
to transformer 3 in Figure 5 (a). The second controlled rectifier 2 
is controlled by the voltage from the secondary of the control 
transformer 4 when the current through rectifier 1 falls to zero. 
Thus rectifier 2 always switches on at the instant when the load 
currrat passes through zero, irrespective of its phase. Under 
these conditions the power in the control pulse is very small, 
and similarly the dimensions of transformer 4 are very small 

This method of control has been given the nama ‘s^. 
mental control’. 

The permissible operating current of each controlled rectifier 
is chosen, as is known, to be not less than 2, and the maxi- 
mmn, inverse and cut-off voltage is Uj}/2. 

The principle of segmental control also simplifies control in 
three-phase circuits. Figure 6 (a) shows a circuit which has half 
the rectifiers of the normal circuit with two rectifiers in each 
ph^. Since the reaifiers are delta-connected, they can only 
be used with a star-connected load where the common point 
can be disconnected. 

A feature of this circuit is that the current flows through 
each controlled rectifier only for two-thirds of a period, and 
that the instant when any of the rectifiers ceases to conduct 
coincides with the switching-on of the next one, so that the prin¬ 
ciple of segmental control may be applied {Figures 6 (b) and (c)]. 

The permissible operating current of a single rectifier 
should not be less than the effective current through the 
single rectifier 

hts. sin^ d =0.97/.. 


The maximum inverse voltage on the rectifiers is]/2 
where LL is the supply voltage. 

If one compares these figures with the analogous one for the 
circuit in Figure 5, connected to two phases of a three-phase 
load, one finds that the three-phase controlled power P in pro¬ 
portion to the number of rectifiers used is, for the circuit of 
Figure d. 



i.V! hv, 

3 ^2 0*422 


=0-91I„V, 


while for the Figure 5 circuit in two phases 


4 72 0-433 " 

From a comparison of these results one concludes that the 
circuit in Figure 6 is practically equivalent to that in Figuh 5 
conjtroUing two phases of a three-phase load, as far as ideal 
power is concerned. But it is simpler from the point of view of 
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Figure 6 (a^ b) 



Figure 6 (c) 

(i) Load voltage, Z phase 

(ii) Current through rectifier A 
(Hi) Current through rectifier 3 

(iv) Anode-cathode voltage on rectifier A 


control. The maximum inverse and cut-off voltage is ]/2 
where is the supply voltage. 

Attention should be drawn to yet another feature of the 
operation of controlled rectifiers. For correct operation their 
current should be greater than a certain value/, i.e. the load 
resistance should be less than a certain value. This property 
justifies the use of segmental control, which also requires the 
load current to be greater than a certain value. 

Of course a cut-off controlled rectifier passes a leakage 
current of the order of 10*^ of its forward current, and hence 
it is not equivalent to an open contactor. During repair or other 
work on the load circuit one must either operate a special 
isolating switch or, more simply, remove the fuses. 

Conclusions 

The application of contactless controlled rectifiers to control 
circuits offers new possibilities of improving the life and reliabil¬ 
ity of control installations. Apart from the reduction in main¬ 
tenance expenses, the comparable high cost of these rectifiers 
is also offset by the fact that their very small size and insen¬ 
sitivity to the effect of their surroundings allow them to be 
located close to the installation being controlled, so that the 
quantity of power cabling can be substantially reduced and 
special contactor rooms completely eliminated. This gives a 
further economy in plant construction. 

Their functional advantages are lack of inertia, absence of 
wear at any frequency in the operating range, and very high 
gain. These advantages indicate their use in pulsed and discrete 
regulation and control systems, and allow their control circuits 
to be greatly simplified. 
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DISCUSSION 


A. W. WiEGAND, A.E.G. Industrieanlagen, I Berlin S3, Charlotten- 
brunnerstr. 1, Germany 

The first group of the connections, i.e. networks with series connected 
SCR, will soon be of great importance for power rectifiers. 

For a two-phase supply the connection of Figure 3 will be applied, 
but when working from a toee-phase supply for power supply 
applications, it is more useful to connect six-phase bridges in series. 

For better efficiency and power factor improvement it is recom¬ 
mended that a series connection of two- (or an even number) of six- 
phase bridges should be made, half of which are fully controlled 
(Bedford connection). Thus it is possible to get zero voltage when 
the controlled bridge is working with full phase retard (inverter 
operation). 


H, Weed, 2024 Neil Avenue, Columbus, Ohio, U.S.A. 

The authors are to be complimented on their attempt to summarize 
in a brief form a few of the control circuits making use of one or more 
♦controlled rectifying devices’. It seems possible, however, that they 
may well be over-enthused by the catch phrase of ‘semiconductor 
triode’ or ‘solid state controlled rectifier’ and have really not presented 
much truly new material or in fact separated the properties and capa¬ 
bilities of ‘solid state controlled rectifiers’ from their older protot 5 ^e, 
the thyratron and ignitron. 

The title, ‘New Control Circuits..suggests the latest or perhaps 
as yet unpublished ideas. After an introduction which repeats material 
readily available in many textbooks and manufacturers’ literature, 
General Electric Controlled Rectifier Manual, 1960 or ^Transistor 
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Circuit Analysis^y Fitchen, 1960, reference is made to ‘special circuits’, 
of which the paper then considers only three or four. Unfortunately* 
there see^ to be nothing ‘special’ or ‘new’ about these circuits’ 
and nothing about them that prohibits or precludes their use with 
thyratrons or ignitrons. 

Referring to Figure 3, a question arises concerning the statement 
that the three separate bridges, each requiring two controlled rectifiers 
and two diodes, apparently require a smaller total number of controlled 
rectifiers than a conventional three-phase full-wave bridge circuit. It 
appears rather obvious that a controlled six-phase bridge, requires 
only three controlled rectifiers and three diodes as compared to the 
six plus six of this circuit. 

A reference is also made that ‘the special properties of controlled 
rectifiers permit the design of simplified circuits suitable for controlling 
electromagnets, motors and other active elements operating from a.c. 
sources’. The word ‘simplified’ here may mean many things, but seems 
misleading if suggesting that the SCR circuits will be appreciably 
easier to build, understand or design. The lack of a filament voltage 


and lower forward voltage drop are their only claim to fame for which 
must be substituted a power control signal versus voltage only, 
large variation in the required gate current from unit to unit, the 
inability to withstand any negative gate voltage or any overrated 
anode voltage. It is not the opinion of this writer that this represents 
a simplification. 

Figure 5 (a) is suggested as giving ‘good control of an alternating 
current at any loading’. Since this circuit places the SCR in the d.c 
portion of a simple bridge circuit, the a.c. of the line appears rectified 
to the SCR. Certainly this circuit is not ‘new’, having appeared in 
various publications such as General Electric Controlled Rectifier 
Manual, 1960 and Electro-Technology. 

In general there are few errors in the paper and it is concisely 
written, but seems to provide only a partial and sometimes misleading 
review of a few well-used circuits. Some truly ‘new’ control circuits 
such as an a.c. excited transistor current source, or unijunction 
discharge circuit, are not mentioned. 
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Turn-ofF Silicon Controlled Rectifiers 

H.R STORM 


Summary 


The term ‘turn-off silicon controlled rectifier’ (SCR) is used for a four- 
layer switch which can be triggered on by a control pulse of one polarity, 
and triggered off by a control pulse of opposite polarity. Ordinary 
SCRs can be triggered off only for small load currents, that is, currents 
in the vicinity of 1 per cent of rated current. This limitation is intro¬ 
duced by a turn-off gate current having the same order of magnitude 
as the current to be interrupted. Under these conditions, gate turn-off 
becomes impractical because of excessive demands on the control 
source, current overloading of the gate structure, and a large trans¬ 
verse voltage drop in the gate layer which defeats the turn-off process. 

The key problem consists in reducing the turn-off gate current 
relatively to the load current; in terms of the reciprocal quantity, 
namely the turn-off current gain, the problem consists in increasing the 
turn-off current gain of the SCR. 

Such an increase can be accomplished (a) circuit-wise, (b) by junc¬ 
tion modification. The case (a) is demonstrated by type 3 N 60 (an 
npn diffused base transistor with a third junction, and four leads). 
This type interrupts 40 V, 20 mA circuits with turn-off current gains of 
1,000 and more. The switching times are in the 1 /isec class. The case (b) 
is demonstrated by a three-lead type ZJ 224 (an all-diffused structure 
with three leads). This type interrupts 500 V, 1 amp circuits with turn¬ 
off gains of approximately 20. The switching times are in the 3 /tsec 
class. From these measurements and from theoretical considerations it 
is concluded that SCRs for much larger current ratings are feasible, 
and one anticipated structure is shown. 

Among the uses of turn-off SCRs are logic and control circuits, 
inverters without or with greatly reduced commutating components, 
new techniques for the cdntrol of rectifiers and power converters. 

Sommaire 

Le terme «diode contr616e basculante h silicium» («turn-off» silicon 
controlled rectifier (SCR)) d6signe une diode k couche quadruple dont 
la conduction peut 6tre enclenchte par une impulsion de commande 
d’une polarit6 et d6clench6e par une impulsion de commande de 
polarity inverse. Les SCR usuelles ne peuvent 6tre d6clench6es que 
lorsque le courant qui les traverse est faible, de I’ordre de 1 pour cent 
du courant nominal. Cette limitation provient de I’existence d’un 
courant de basculement qui est du mdme ordre que le courant k inter- 
rompre. II en r6sulte que le d6clenchement par basculement est inutili- 
sable pratiquement car il n^cessite une puissance excessive de la source 
d’impulsions de commande, conduit k une surcharge en courant de la 
texture de d6clenchement et produit une chute 61ev6e de la tension 
transversale dans la couche de d6clenchement, chute qui perturbe le 
processus de basculement. 

Le probldme cl6 est de r6duire le courant de basculement par rapport 
au courant traversant; autrement dit, enconsid6rant les grandeurs in¬ 
verses, notammentle gain en courant de basculement, d’accroitre le gain 
en courant de basculement du redresseur command^ au silicium. 

Un tel accroissement peut 6tre obtenu: (a) par une conception 
ad6quate du circuit; (6) par une modification de la jonction. Le ca$ (a) 
est illus1r6 par im transistor 3 N 60 (qui a une base du type npn k 
diffusion, et qui est muni d’une troisidme jonction et de quatre fils). Ce 
transistor est capable d’interrompre des circuits v6hiculant 20 mA 
sous 40 V, avec des gains en courant de basculement de I’ordre de 1000 
et plus. Les temps de commutation sont de I’ordre de 1 jusec. Le cas (b) 
est illustr6 par un 616ment du type ZJ 224 (dont la structure entifere est 
k diffusion et qui est muni de trois fils). Ce type d’616ment est capable 


d’interrompre des circuits v6hiculant 1 A sous 500 V avec des gains en 
courant de basculement d’environ 20. Les temps de commutation sont 
de I’ordre de 3 jusec. Ces r6sultats de mesures ainsi que des considera¬ 
tions theoriques permettent de conclure que des redresseurs com- 
mandes au silicium capables de manipuler des courants nominaux 
beaucoup plus eiev^s sont concevables; et on montrera, au cours de 
cette communication, une structure qui apparalt possible et qui a ete 
concue pour atteindre ce but. 

Zusammenfossung 

Der Ausdruck „abschaltbarer gesteuerter Siliziumgleichrichter** wird 
hier fiir eine steuerbare Siliziumzelle benutzt, die ein Steuerimpuls mit 
einer Polaritfit einschaltet und ein Steuerimpuls mit entgegengesetzter 
Polaritat abschaltet. Gewdhnliche steuerbare Siliziumzellen lassen sich 
fttr kleine Laststrbme, die in der Nahe von 1 % des Nennstromes liegen, 
abschalten. Diese Beschrankung ergibt sich daraus, daB der Steuer- 
strom 2 um Abschalten (Abschaltsteuerstrom) dieselbe Grdfienordnung 
wie der zu unterbrechende Strom haben mu6. Unter diesen Umstanden 
wird die AbschaJtung unpraktisch, erstens wegen der tibermaBigen An- 
forderung an die Spannungsversorgung des Steuerkreises, zweitens 
wegen der Uberlastbarkeit des Gitterkreises und drittens wegen des 
hohen Spannungsabfalles in der Gitterschicht, der den Abschaltvor- 
gang erschwert. 

Das Hauptproblem besteht darin, den Abschaltsteuerstrom, be- 
zogen auf den Laststrom, zu verringern. Auf die reziproke GrdBe be- 
zogen, hamlich die Abschaltsteuerstromverstarkung, besteht die Auf- 
gabe in der Erhdhung der Abschaltsteuerstromverstarkung. 

Eine Erhdhung der Verstarkung kann man a) durch geeignete 
Schaltungen oder b) durch Anderung der Schichten erreichen. Der 
Fall a) wird anhand der Type 3 N 60 gezeigt, die einen npn-Transistor 
mit eindiffundierter Basis xmd einem dritten Fiacheniibergang sowic 
4 Anschliissen darstellt. DieseType schaltet 40 V Maschenspannung und 
20 mA Kreisstrom bei einer Abschaltsteuerstromverstarkung von 1000 
und mehr. Die Schaltzeiten liegen in der GrdBe von 1 ^s. Als Beispiel 
fiir den Fall b) wird die Type ZJ 224 mit drei Anschliissen benutzt 
(hierbei handelt es sich um einen Diffusionstransistor). Diese Type 
schaltet 500 V Maschenspannung und 1A Kreisstrom mit einer Ab¬ 
schaltsteuerstromverstarkung von ungefahr 20; die Schaltzeiten liegen 
in der GrdBe von 3 /us. Auf Grund dieser Messungen und an Hand theo- 
retischer Uberlegungen. wird gefolgert, daB fiir steuerbare ‘Silizium¬ 
zellen wesentlich grdBere Nennstrdme mdglich sind. Ihr voraussicht- 
licher Aufbau ist dargestellt. 

Einige der Anwendungen der steuerbaren Siliziumzellen sind: 
Logische und Steuerschaltungen, Wechselrichter ohne Oder mit stark 
verkleinerten Kommutierungselementen, neue Verfahren fiir die Steue- 
rung von Gleichrichtern und Leistungswandler, 


Introduction 

The silicon controlled rectifier and transistor performs many 
switching functions in information and power circuits. The 
silicon controlled rectifier, abbreviated to SCR, has an advantage 
over the transistor in that the load current can be turned on by a 
control current pulse and remains on, whereas the transistor 
requires a continuous control current for the entire dmation of 
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load current flow. On the other hand, the transistor has an ad¬ 
vantage over the SCR, in that the load current flow can be 
stopped smply by interrupting the control current, whereas with 
the SCR it is necessary to reverse, at least temporarily, the ter¬ 
minal voltage; this process is called commutation and requires 
additional circuit components which add to cost, size, weight 
and losses. 

The following describes a device, called a tum-oflf SCR, 
which combines the desirable control functions of SCRs and 
transistors: turn-off is achieved without commutating compo¬ 
nents, and only pulses are needed for tum-on and tum-oflf. Other 
designations for tum-oflf SCRs are found in the References, 
especially that by Hamden^. 

Junction Electronics 

A p-n-p-n device, representing a silicon controlled rectifier 
(SCR) is shown schematically in Figure L If a current lx, is now 


Gate Tum-oflf 


Gate turn-off means the change from low-impedance to high- 
impedance mc>de by means of a gate current. It is assumed that 
the SCR is in its low-impedance mode. A gate current Iq is now 
withdrawn from terminal G, Figure 2, resulting in a carrier de¬ 
pletion at the rate r^ (Appendix II). 


= (3) 

If = r, the generation of the forward-e.m.f. is wiped out, and 
the stage is set for the development of a counter-e.m.f., and hence 
for turn-off. Substituting from eqn (3) into (1), one obtains 
for /e®"®: 

For ordinary SCRs, eqn (4) indicates a turn-off gate current 
of about half the rated load current, and hence too large a gate 
current for practical purposes. 



Figure h Carrier flow in a four-layer device assuming centre junction 
voltage negligible 

permitted to flow throu^ the SCR, an accumulation or de¬ 
pletion of majority carriers occurs in layers n^, at the rate r, 
as explained in Appendix I. 

^ r=![ai^2*~(l“a3^2)]J^L (1) 

ai,2-(l-a3,2)>0 (2a) 

r is positive, the SCR is in its low-impedance mode (also called 
forward-e.m.f. mode because the centre jimction develops a 
voltage in the direction of the applied voltage). In this mode, the 
total voltage drop (over all three junctions) is in the vicinity 
of 1 V. 

^ ai.2-(l-a3.2)<0 (2b) 

r is negative, the SCR is in its high-impedance mode (also called 
counter-e.m.f. mode because the centre junction develops a volt¬ 
age opposing the applied voltage). In this mode, the SCR passes 
only a very small current, called the forward leakage current®"^. 


Tum-oflf Current Gain 


The reduction of the turn-off gate current is one of the key 
issues in the design of turn-off SCRs (see Appendix III). In order 
to see the magnitude of the turn-off gate current Iq in its proper 
perspective, it is related to the load current II to be turned oflF, 
and expressed by the turn-oflf current gain Ki 



From eqn (4) 


(5) 




a 


1.2 


« 3.2 

-(l-«3.2) 


( 6 ) 


A hi^ turn-off current gain can be accomplished by external 
circuitry (see Tum-off Current Gain Control by External Cir¬ 
cuit’ and ‘Experimental Results’) and by internal junction 
design (see ‘Tum-off Gain Current Control by Junction Modifi- 
cation’). 



Figure 2, Carrier flow caused by gate current Iq, superposed on currents 
of Figure 1 
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Figure 3, Carrier flow caused by bias current superposed on currents 

of Figures 1 and 2 



Figure 4, Connection of fourdayer deviccy where load current connects 
to ni and bias current to Pi 


Tam-off Current Gain Control by External Circuitry 


Again, we start with the SCR in its low-impedance mode. 
Next a bias current Ib is fed into terminal 2 (Figure 3) and ex¬ 
tracted from 4, corresponding to £ui electron, current flowing 
internally from 4 to 2. The bias current Ib depletes the inner 
bases at the rate of (1 — Now, the accumulation rate 


is only 




and the turn-off current gain obtained for r = 0, eqiwls 


- «3,2 _ 

ai,2'“(l-a3,2)(l+V4) 


( 8 ) 


As expected, the turn-off gain has been increased over its 
previous value eqn (6). The bias current Ib provides additional 
loading of junctions 2 and 3, and hence Ib should be relatively 
small. It follows that this method for increasing the turn-off gain 
is most useful where is only slightly larger than (1 — 

Suppose the connections between terminals 1 and 2 (Figure 4) 
are now switched. The resultant accumulation rate is obtained 
from eqn (7) by replacing II with Ib and vice versa 

r=[ai..-(l-a3.2)(l+^)](0/|. (9) 

From eqns (5), (9): 

Ki - /. ( 10 ) 

For Ib < Zl, eqn (10) can be approximated by eqn (11)^® 

Ki -- ( 11 ) 

® 1,2 7 ^~( 1 “*® 3 , 2 ) 

One concludes that very high turn-off gains can be produced 
by this method. 

Experimental Results of the General Electric Type 3N60 

The tested device^^ can be viewed as a diffused base n-p-n 
silicon transistor, to which a junction (pi) was added by pulse¬ 
welding an aluminium wire to the Wi-bar 2 (Figure 5). Connected 
as in Figure 1, the 3N60 could be switched on by the gate with 
very high sensitivity but could not be turned off even when the 
gate voltage was reversed to — 15 V (6 times max. rated). 

Subsequently, the 3 N 60 was connected similarly to Figure 4, 
and shown in detail in Figure 6 (a). Load and bias currents were 
adjusted by resistors Rl and Rb* The gate current Ig was con¬ 
trolled by Eg and Rsy and the load current was triggered on by 
a positive gate supply voltage Eg- 

In one series of tests, the load current II was kept constant 
at 20 mA, and the bias current Ib was varied. For each value of 



Figure 5, Junction arrangement of a type 3N60; the numbers designate 
the same terminals as in Figure 4 
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jRf^wre 6. Switching characteristics of3N60: (a) Test circuit; {b) Turn’- 
off current gain Kj as functions of bias resistance and load resist 
tanee Rj^ 


bias current, the turn-off gate current Iq was determined ex¬ 
perimentally, and the turn-off current gain Kj calculated eqn (5). 
For instance, for Ib = 800 (xA the turn-off gate current was 
measured /c = — 0*5 mA, and the turn-off current gain cal¬ 
culated, resulting in JSj = 40. A decrease of bias current results 
in a higher Kx, as seen by the experimental data Kx = f^ils) in 
Figure 6 ih), Tum-off current gains of 1000 and more were 
measured. The required bias current for high values of Kx is less 
than 1 per cent of the load current. 

Next, the bias current Ib was kept constant at 124 fxA, and 
the load current II was varied by means of Rl, For each value 
of load current, the turn-off gate current was determined ex¬ 
perimentally, and the turn-off current gain Kx calculated eqn (5). 
As expected from eqns (10) and (11), an increase of load current 
le^ds to an increase in JTjin the load current range where II > Ib, 
This expectation is borne out by measurements as demonstrated 
by curve Kj =^f^ (I£) of Figure 6 (b). 

By mcre^ing the load current to the point, where the de¬ 
nominators in eqns (10) and (11) approach zero (r = 0), the 
centre junction rapidly loses its forwardTe.m.f., and hence the 
voltages often^als 1 and? increase with respect to 4 [Figure 6(b)l 
With a fixed bias resistance Rb, the voltage increase of terminal 1 


reduces the bias current Ib, As seen from eqns (10) and (11) this 
reduction of Ib has a similar effect as an increase of load current 
II, leading to a closed-loop system which rapidly reduces the 
load current to less than 1 ^xA. This type of tum-off, triggered by 
a reduction of the load resistance, is called load current self 
tum-off. In the case illustrated in Figure 6 {b\ load current self 
tum-off occurs at 21*5 mA, as indicated by the asymptote. The 
tum-on and tum-off switching times are in the 1 usee class at 
25® C. 

If one inquires into the reverse voltage capabilities of the 
circuits shown in Figures 1 and 4, a reverse (inverse) supply 
voltage will be held across junctions 1 and 3 in Figure 7, but only 
across junction 3 in Figure 4, as far as blocking II is concerned. 
It follows that the reverse voltage ability, such as required in 
a.c. circuits, is smaller in the case of Figure 4. In fact, the usual 
values for junction conductivities and junction width permit the 
application of only a few volts across junction 3. One concludes 
that the ability to block a reverse voltage has been largely lost in 
the configuration of Figures 4 and d(fl). This ability, however, 
can be regained circuitwise by the insertion of a rectifier. 


Tum-off Gain Current Control by Junction Modification 


As seen from eqn (6), high tum-off gain is obtainable by 
reducing the current gain ^ to the point where it is only 
slightly larger than (1 — ^ a)* as shown in the following. 

If surface recombination is neglected, the current gain 
becomes the product of emitter efficiency and transport factor*. 



( 12 ) 


One measure to reduce g is to decrease the width Wpi of 
layer p^; this decrease, however, reduces the punch-through 
voltage, and hence reduces the reverse voltage ability of junc¬ 
tion 1. This deficiency, however, can be compensated by inserting 
a rectifier into the circuit. Other modifications are known to im¬ 
prove the performance of turn-off SCRs®, but space limitations 
do not permit a further discussion. 

The to-off gain of an SCR (General Electric type 21224^*), 
an all-difiused stmeture whose Pi layer is thinner than normal, 
is shown in Figure 7. At a load current of = 1 A, the tum-off 
gain is approximately 20. Although the turn-off gain is dropping 
for load currents from II ^ I to 0*01 A, the gate current which 
is sufficient for turning off II = 1 A, is also sufficient for turning 



Figure 7. Turn-off gain of ZJ224 (test results ). For turn-on^ /e=10 m A 
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off any smaller load current. The tum-on gate current is 10 mA, 
the holding current is 3 mA. 

The type ZJ224 had a peak forward blocking voltage of 
500 V and a peak reverse blocking voltage of 40 V. The forward 
and reverse leakage currents are in the 2-10 |jlA range. The tum- 
on and turn-off times were measured in the vicinity of 2 to 4|isec 
respectively. 


Transverse Gate Resistance 

Suppose two SCRs with load current ratings of 2:1 are 
compared. The junction areas will be 2:1, but otherwise the two 
SCRs are stipulated to be alike. If the transverse gate resistances 
are negligible, the turn-off gains will be the same: the larger SCR, 
requiring twice the gate current for turn-off of rated current. The 
transverse gate resistance, however, is the same in both cases. It 
follows that the transverse voltage drop will be twice as hi^ in 
the larger SCR, and hence the latter will be more reluctant to 
turn-off. The problem of transverse gate resistance also exists in 
power transistors. There, it has been solved, for instance, by 
interdigitated arrangements of base and emitter contacts^*. This 
multiple contact arrangement is more costly because of the 
complexity of fabrication; it also reduces the load current rating 
by reducing the junction areas available for load current flow. 

When considering a turn-off SCR for higher current ranges, 
the simple configuration of an ordinary SCR [Figure 8 (a)] is 
likely to be replaced by a transistor-like stmcture for the P 2 and 
«2 layers. The entire structure of a turn-off SCR could be viewed 
as a power transistor (/fiPg rtz), to which a fourth layer (p^) has 



Figure 8, SCR configurations: (a) conventional; (6) has contact to 
Ui-layer, and thus access to all layers 


been added [Figure 9 (6)]. By providing electrical access to all 
four layers, such a device could be used as an ordinary power 
transistor, an ordinary SCR or as a tura-off SCR. 


Applications 

One application of the tum-oflf SCR is to act as a one-element 
flip-flop, akin to a latch-in type relay, whose contacts are closed 
by a positive pulse, and are opened by a negative one. Similar to 
the power dissipation and overvoltages which affect relay con¬ 
tacts during the intermption of a circuit, especially an inductive 
one, the turn-off SCR is subject to similar effects^^. 

Another application for tum-oflf SCRs is in inverters, dis¬ 
pensing with the customary commutating components for 
ordinary SCRs, and thus reducing cost, size, wei^t, and circuit 
complexity. One such inverter, utilizing two types 3N60 is 
shown in Figure 9 its output voltage is shown in 
Figure 9 (p). 




Time——► 

(b) 

Figure P. Inverter without commutating equipment: (o) circuit; (b) out- 
put voltage Eq at 100 c/sec 

The relatively low carrier accumulations in turn-oflf SCRs 
not only facilitate tum-oflf by gate control, but also tum-oflf in 
general. An example is illustrated in Figure 10 (left), where a 
3 N 60 is connected as an ordinary SCR, and switch is closed. 
If the 3N60 is to be turned off in the conventional manner by 
the commutating capacitor Cj, the switch S is closed; to be 
effective in this circuit, Cj must be equal to or larger than 



Figure 10, Test circuit to determine the minimum size of commutating 
capacitors 
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0*1 (xF. Then, the 3 N 60 was reconnected as in Figure 6 shown 
on the right-hand side of Figure 10. If commutated against ter- 
^ (switch closed), the commutating capacitance could 
be reduced by a factor of 50, if conunutated against terminal 1 
(switch Si closed), the reduction factor was 1 , 000 ; only one of 
the two capacitors Cj or Cg is required. One concludes that 
turn-off SCRs are also very useful in circuits where gate turn-off 
is not intended, by sharply reducing the size, cost and losses of 
the conunutating equipment. 

A further property of the turn-off SCRs, which is also tied 
to the relatively low carrier accumulations, consists in a higW 
frequency capability of the turn-off device. 

An entirely different utilization of the turn-off SCR consists 
in power factor improvement^®. The lower the power factor, the 
poorer is the utilization of transmission equipment, and especially 
of alternators. By their very nature, power factor problems 
become important for large blocks of power. 

Suppose one has an ordinary single-phase, phase controlled 
rectifier, and considers the supply voltage E and the primary 
transformer current 4 (Figure 11). Assuming a resistive load, 
ideal transformer and rectifier characteristics, E and 4 are in 
phase, but the power factor is not unity. This is evident from the 
fundamental component 4 which is clearly lagging, and hence 
must possess a quadrature component 4 . While both the 
harmonics and the quadrature component cause a power loss 
all along the power circuits, it is the inductive, quadrature com¬ 
ponent which causes a further reduction in the utilization of the 
alternator by producing a field-weakening armature reaction, 
which must be overcome by a larger field structure and larger 
exciter. 



Figure 11. Rectifier with conventional phase control, supply voltage E 
and tranrformer primary current Ip; 4 is fundamental component and 
4 is lagging quadrature component of Ip 


Figure 12. Rectifier circuit with turn-off SCRs. Supply voltage E and 
primary current Ip; printary current Ip has zero quadrature component 


With turn-off SCRs, the primary current blocks can be so 
shaped that a lagging power factor can be avoided (Figure 12) 
Moreover, turn-off SCRs can be controUed to deliver inductive 
quadrature power to the power system. The latter case is demon- 


Ip 


t 



Time-► 

(a) 


Ip 



Figure 13. Rectifier circuit with turnoff SCRs. Transformer primary 
current Ip is turned off: (a) at (b) at 45°; fundamental component 
of Ip is leading the supply voltage^ and hence delivers inductive, 
quadrature power to the a,c, supply system 


strated in Figure 13, which shows two oscillograms of the 
primary current of a single-phase rectifier with turn-off SCRs 
where the magnitude of load current is controlled by varying the 
point of turn-off as contrasted with the point of tum-on with 
ordinary SCRs. More information on applications for turn-off 
SCRs is given by Stasior^® and Grafham^’. 
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Conclusions 

(1) The so-called turn-off SCR can be turned on by a positive 
gate current pulse and turned off by a negative one. 

(2) Turn-off current gains of 1,000 and more were measured 
(3N60). The narrower the load current range, the higher a 
turn-off gain is possible. 

(3) Current interruptions by gate turn-off is available in 
devices of 1 to 2 amp current rating and 500 V forward blocking 
ability (ZJ224); devices for significantly higher current ratings 
are feasible. 

(4) Turn-off SCRs have a shorter turn-off time than ordinary 
SCRs and hence are capable of operation at higher frequency. 

(5) Turn-off SCRs, when commutated in the conventional 
manner, require commutating components of substantially 
smaller size than required by ordinary SCRs. 

( 6 ) Where reverse voltage ability has been impaired by junc¬ 
tion or circuit modification, the insertion of a rectifier can 
restore it. 

(7) Caution must be exercised to limit overvoltages during 
turn-off. 

( 8 ) Caution must also b^ exercised to consider the turn-off 
switching losses in order not to exceed the maximum power dis¬ 
sipation of the device. 

Appendix I—^Junction Electronics 

If one applies a d.c. voltage of the indicated polarity (Fig¬ 
ure 7), a load current II will flow. The arrows indicate the con¬ 
ventional direction of current flow outside of the SCR, and the 
direction of particle flow inside the SCR. Assuming temporarily 
/l = 1 (to simplify notations), a hole current of the magnitude 
Oj 2 arrives in layer and an electron current ^ 3^2 arrives in 
layer where ocj 2 and ^3 2 are the current gains from junction 
1 to 2 and from 3 to 2, respectively^ 

Thus, the layer receives a hole current of 2 and an 
electron current of (1 — 4 X 3 2 ). Taking into account the neutraliza¬ 
tion between holes and electrons, and for a general value for 7 ^, 
an accumulation or depletion of majority carriers occurs in 
layers p^ at the rate of 

'•=[ai.2-(l-«3.2)]4 (13) 

per layer. If r is positive, we have an accumulation of majority 
carriers, and if r is negative, we have a depletion of majority 
carriers. 

Although the centre junction (junction 2 ) reacts by creating 
opposing accumulation or depletion rates, resulting in zero net 
rates during steady state, there has been brou^t into existence 
a net accumulation (not rate) or net depletion of majority 
carriers. 

The current gains 4 X 1^2 <^, 2 * hence the deposition 

rates r, are functions of the current densities®*®. The holding 
current In (usually 0-1 per cent or less of rated load current) is 
defined by r = 0, and gate open. For higher load currents r > 0, 
for lower currents r < 0. 

Counter-e,m,f, Mode (r < 0) 

If /l < Ib (Figure 7), r becomes negative and majority car¬ 
riers are withdrawn from layers Wj, called the inner bases. A 


portion of this depletion uncovers (ionizes) the fixed donors and 
acceptors of the centre junction, and by doing so, a fixed space 
charge is developed opposing the applied voltage. The build-up 
of this counter-e.m.f. across the centre junction is similar to the 
build-up of a voltage across a capacitor. This mode of operation 
is called the counter-e.m.f. or high-impedance mode of the SCR. 

Forward-e,m.f, Mode (r > 0) 

If II > Ih (Figure 7), a net accumulation of majority car¬ 
riers occurs. This has the opposite effect from the depletion case 
just described, and the result is a forward-e.m.f. across the centre 
junction. The SCR now in its forward-e.m.f. mode, also called 
the low-impedance mode. 

If the load current is reduced (by increasing the external re¬ 
sistance) below Ih the SCR reverts to its high-impedance mode, 
and reduces the load current abruptly to the level of its leakage 
current (usually 0*01 per cent of rated load current). 

Appendix II—Gate Turn-off 

Turn-off is accomplished by reversing the centre junction 
voltage from the forward to the counter-e.m.f. direction. This 
voltage reversal consists of two parts: (n) the reduction of the 
forward-e,m.f. to zero, (b) the build-up of the counter-e.m.f. 

Reduction of the Forward-e,m,f to Zero 

If one wishes to reduce the forward-e.m.f. to zero, one has to 
reduce the carrier accumulation rates eqn (13) to zero. This can 
be accomplished by withdrawing a current Iq (called gate cur¬ 
rent) from terminal G. The current leaving through the lower 
contact of the SCR is reduced by about the same amount, being 
equivalent to the withdrawal of an electron current Iq through 
this contact. The currents superimposed on the load current II 
are shown in Figure 2. The gate current Iq depletes the inner 
bases at a rate ^ 

ra=a3.2lG ( 14 ) 

If r^ = r, the generation of a forward-e.m.f. is wiped out. 
The carrier accumulations, and hence the forward-e.m.f. existing 
prior to the application of the gate current Iq subsides in a 
crudely exponential manner, with the carrier lifetime as some¬ 
thing akin to a time constant. Substituting from eqn (14) into (13), 
one obtains for the necessary gate current /c?®» ®. 

05 ) 

« 3,2 

For ordinary SCRs, this gate current may be as large as one 
half of the rated load current. 

Build-up of the Counter-e.m,f 

If the gate current Iq is made larger than expressed by 
eqn (15), the sign of r — becomes negative, indicative of a 
depletion of majority carriers. As previously described, this de¬ 
pletion promotes the development of a counter-e.m.f. in the 
centre junction, which reduces the load current to a trickle, 
called die forward leakage current. On a per unit basis, the 
excess of gate current over eqn (15) to achieve turn-off, is in the 
vicinity of the per imit leakage current, which is 10“^, and hence 
negligible. 

As the load current (under the effect of gate current), drops 
sufficiently, the deposition rate becomes negative, irrespective of 
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the presence of gate turn-off current. It follows that once the 
SCR has been turned oiT, the gate current is no longer needed 
to maintain the turn-off condition. 

Appendix IH—Turn-off Current Gain 

A high turn-off gate current is undesirable, because it in¬ 
creases the size of the gate power supply. The gate structure, in¬ 
cluding the lead of a conventional SCR, would have to be vastly 
expanded to accommodate a high gate current. The filaments of 

I a flow transversely to the main axis of the SCR, and encounter 
the so-called transverse resistance^ of layer /?o. The resulting 
transverse voltage drop counteracts the original lowering (by 
gate control) of the voltage of gate layer The transverse 
voltage drop increases with distance from the gate contact and 
may become so pronounced as to prevent the turn-off of the load 
current by shunting it through areas away from the gate contact. 
Again, a lower Iq is desirable because of the lower counter¬ 
action of the transverse resistance. 

Nomenclature 

Dh Diffusion constant for holes (cniVsec) 
hi Bias current (amps) 

Iq Gate current (amp.s) 
hi Holding current (amps) 

II Load current (amps) 

AT Turn-off current gain (unity) 
r Accumulation or depletion rate (amps) 
m Depletion rate caused by gate current (amps) 

^ 3,3 Current gains (unity) 

(r Conductivity (IT ^ * cm ^ 

T/i Average lifetime of holes (sec) 

It is a pleasure to express my appreciation for discussions of this 
subject with F, W. Gut 2 wilku\ c/m, Jones, Moysem and R. A,Stasior, 

References 

^ Harnden, J. D. Properties of the silicon controlled rectifier-- 
A Survey. /. Amer. Inst, elect. Conf. pap. CP 61-332 

(February 1961) 


^ JoNSCHER, A. K. Principles of Semiconductor Device Operation, 
1960. New York; Wiley 

Ebers, J. J. and Moll, J. L. Large signal behavior of junction 
transistors. Proc. Inst. Radio Engrs, N. Y. (1954) 1761 
^ Moll, L L,, Tannenbaum, M. T., Goldy, J. M. and Holonyaic, 
P-N-P-N transistor switches. Proc. Inst. Radio Fngrs, (1956) 1 174 
Webster, W. M. On the variation of junction-transistor current- 
amplification factor with emitter current. Proc. In.^i. Radio Engrs 
A. K (1954) 914 

® JoNsciiER, A. K, Notes on the theory of four-layer semiconductor 
switches. Sofid-State Electronics 2 (1961) 143 
’ Mackintosh, L M. The electrical characteristics of silicon 
P-N-P-N triodes. Proc, Inst. Radio Engrs, N, Y. (1958) 1229 
« Goldey, j. M„ Mackinto.sh, I. M. and Mo.ss, I, M. Turn-ofT 
gain in P-N-P-N triodes. SoiuhState Eiecironivs 3 (Sept, 1961) 1 19 
Pritchard, R, L. and Coeity, W, N, Small signal parameters of 
grown-junction transistors at high frequencies. Inst. Radio Engrs 
N. Y, Convention Record, pt. 3 (1954) 89 
Klein, M. A four-terminal P-N-P-N swildiing device. Tram. Inst 
Radio Engrs, N. Y. (I960) 214 

Silicon controlled switches. PubUcatkm 65.10 General Electric, 
Semiconductor Products Department, Syracuse, New York 
Gate turn-off switch. Publication 150.60 General Electric, Rectifier 
Components Department, Auburn, New York, March 1962 
Clark, M, A. Power transistor. Proc. Inst. Radio Engrs, U Y 
(1959) 1185 

Mever-Brotz, G. Eigenschaften und Anwendiingen von FUichen- 
IVansistorcn als Schaltcr. Tekfimkenztp. Vol. 33, Heft 128 
(1960) 85 

Kobel, E. IJnterbrechung cines brennenden Anodenstromes mit- 
tels outer im Quecksilbcrdampf-GIcich- oder -Wechselrichter. 
Bull, schmiz. ekktroitclu Ver, February (1933) 42 
Stasior, R. a. and Mapdther, T, C. Notes on the application of 
the silicon controlled switch. Application Note 90.4, General 
Electric, Semiconductor Products Department, Syracuse, Hew 
York, April 1962; also Transistor Manual, 6 th Ed. Chap. 19, 
same publisher 

Graeham, D. P-N-P-N switches with gate turn-off control. 
Fitblkaiion 200.23 Cicneral Electric, Rectifier Components De¬ 
partment, Auburn, New York 


DISCUSSION 


PL Fankhauser and J. Geeller, ETH, Inst, of Automatic Control and 

Industrial EL, Weinbergstrasse 15$, Zurich 6, Switzerland 

We have experimented with the rectifier you mention in your paper 
but have had the following difficulties: 

During the turn-off, the short turn-off time of the controlled 
switch of about 50 [^scc and the stray inductance tff the transformer 
caused high-voltage transients up to 600 V and more at a current of 
1 A. Tiiese voltages destroy the devices! (Figure A). 

On the oscillogram, you see on the top the load current, below the 
device voltage, with a pulse of 50 V during the turn-off of 100 mA. 

To reduce the amplitude of the transients which caused these un¬ 
wanted oscillations, we shunted the device between anode and cathode 
with a capacitor. (Figure B). 

Another solution to protect the controlled rectifier is to replace the 
capacitor by a clipping diode (Figure C), which allowed us to in¬ 
crease the load inductance and the load current. The clipping diode 
cuts the pulses at a prescribed voltage level, but during commutation, 
the energy in the stray inductance must be dissipated by the pro¬ 
tecting device, which reduces the effidency. (Figures I) and E), 

We would like to ask Mr. Storm if, with other supplementary 


elcmcnt.s, the controllecl switch can be protected with less power loss 
or if devices can be built with longer turn-off limes, so that no danger¬ 
ous voltage-transients will occur. 
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B Figures D 



Figure C 


Figure E 



H. F. Storm, in reply 

If an inductive circuit is interrupted, a voltage of considerable magni¬ 
tude may appear across the points of interruption. This is a basic fact, 
and does not depend on the means of interruption, be it contacts, 
a transistor or a turn-off SCR. The overvoltage measured by the 
debaters was 600 V. Since the repetitive peak forward blocking voltage 
of the device under test is listed in the spec, sheet 150‘60 3/63 as 500 V, 
it should not be surprising to see the device fail if 600 V are repetitively 
applied. 

In reply to another question, overvoltages can be suppressed by 
so-called Thyrectors, as listed in my paper 6-8. 

In answer to a further question, it is possible to build turn-off SCRs 
with a longer turn-off time, but this would result in a reduction of the 
frequency capability of the device. The extent to which this measure 
would reduce overvoltages is not known to the writer. 


H. SCHENKEL, Haldenstr. 7a, Oberrieden (ZH), Switzerland 

I should like to raise the following comments to the various methods 
that are described in the preprints for increasing the turn-off gain. 

(1) Do they substantially decrease the tum-on gain of the device? 

(2) In the preprints you have described a connection between the 


four-layer diode where the back current is no longer taken out of what 
is normally the anode but from the region. Am I right in assuming 
that by connecting the device in this way it is only suitable for small 
load currents, due to the technology that the wire connections to this 
inner region could not be made very strong. 

(3) I am somewhat worried about the methods of increasing a turn¬ 
off gain for the following reason: normally, SCRs have a considerable 
spread of characteristics, if you consider one which normally you can¬ 
not turn off; the required turn-on current may, for instance, be in the 
order of 50 mA, while the minimum of any unit from one type may 
be of the order of 5 mA. Will that circumstance not make large turn¬ 
off gains very critical? 

H. F. Storm, in reply 

(1) Generally yes. The turn-on gate currents of tum-olf SCRs have 
been measured to 0*2 per cent and more of the rated load current. 
This figure compares to 0*1 per cent and less, as encountered in ordi¬ 
nary SCRs. 

(2) No. However, the writer is possibly unaware of larger, four- 
terminal unite, which are commercially available at the present time. 

(3) The higher the intended turn-off gain realized by the circuit of 
Figure 4, the more sensitive the turn-off SCR will be to variations in 
the turn-off characteristics of the device itself. 
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Ceramic Memories in Extreme Environments 

A.B. KAUFMAN 


Summary 

Many types of computer memory elements have been devised, but few 
meet current economic or technical criteria. In addition, new and 
extreme environments, nuclear and space radiation, or temperature 
have created new performance demands. 

The memory research performed at Litton Systems has produced 
a ceramic memory which has certain unique advantages. Word storage 
is made in a disc smaller than a dime. The device requires no special 
environment, operating in an ambient temperature of *-80 to +200°Ci 
In addition it operates in a space or nuclear environment; hyper¬ 
exposures causing little degradation of performance. Each bit produces 
an output of 20 Vp—/?, with sufficient power to directly drive gate(s). 
Readout is nondestructive, and the memory is nonvolatile. In addition 
word-bit readout is parallel, at a clock speed up to 1 Me. 

Sominaire 

Plusieurs types d’616ments de mtooire pour calculatrices ont 6te pro- 
pos6s, mais seul un petit nombre d’entre eux satisfait aux entires 
6conomiques ou techniques usuels. En outre, des conditions d’ambiance 
nouvelles et trhs s6vferes — rayonnements nucl^ires, rayonnements 
spatiaux, temp6ratures extremes — imposent des exigences nouvelles 
en mati^re de performances. 

Les recherches entreprises par Litton Systems, Inc., ont conduit k 
la creation de m6moires c6ramiques qui offrent certains avantages 
uniques. Le stockage d’un mot est assurd au sein d’un disque de 
dimensions inf(6rieures k celles d’une pi6ce de monnaie. Le dispositif 
ne n6cessite pas de precautions speciales, quant k Tambiance; il fonc- 
tionne dans une plage de temperatures allant de — 80 4 4-200°C. En 
outre, il est k mSme de fonctionner en presence de rayonnements 
spatiaux ou nucieaires, auxquels il peut etre expose pendant une 
longue duree en ne manifestant qu’un leger abaissement de ses per¬ 
formances. Chaque «bit» produit un signal de sortie de 20 V erdte a 
Crete, dont la puissance est suffisante pour commander directement 
une ou plusieurs portes eiectroniques. La lecture est non-destructive 
et le stockage dure indefiniment («nonvolatile memory»). En outre, 
la lecture des «bit» d’un mot se fait en paralieie, k une cadence 
atteignant 1 MHz. 

Zasammenfassimg 

Viele Arten von Speicherelementen fur Rechenanlagen wurden erdacht, 
doch nur wenige entsprechen den heutigen wirtschaftlichen und tech- 
nischen Anforderungen. Obendrein haben auBerordentliche Bean- 
spruchungen durch nukleare und kosmische Strahlen sowie extreme 
Temperaturen neue Anforderungen hervorgebracht. 

Litton Systems hat nach langen Untersuchungen einen keramischen 
Speicher entwickelt, der verschiedene einzigartige Vorztige besitzt. Die 
Speicherung eihes Wortes erfolgt auf einer Platte, die kleiner ist als ein 
Zehn-Cent-Stiick. Der Speicher kann in beliebiger Umgebung ein- 
gesetzt werden, er arbeitet bei Umgebungstemperaturen zwischen —80 
und -f200°C und auch unter nuklearen Bedingungen und im kos- 
mi^hen Raum; ubermaBigeBestrahlungen beeintrSchtigen die Arbeits- 
weise nur gering. Jedes Bit bewirkt einen Ausgang von 20 bei ge- 
niigender Leistung, urn ein oder mehrere Tpre direkt zu steuem. Dieser 
Permanentspeichfer halt beim Auslesen die Information. AuBerdem 
erfolgt das Auslesen eines Wortes parallel bei Taktfrequenzen bis zu 
1 MHz. 


Much attention has been paid to memory storage components 
and techniques for their use, inasmuch as this device is pivotal 
to the whole concept of the digital computer and establishes its 
performance capabilities, both in speed of operation and bit or 
word storage capability. 

Many types of computer memory elements have been de- 
yised\ but few are in production use. Economic or technical 
limitations have probably been the key reason for the status quo 
in memory component usage. 

The preliminary investigation of a new type of memory de¬ 
vice is presented in this paper. The memory element discussed 
herein is in the preproduction stage, but is being considered for 
large-scale memory storage or where space or nuclear environ¬ 
ments exist. System problems are not discussed in detail, in this 
paper, pending careful study, at which time they will be treated 
fuUy in another paper. The ceramic memory is not a cure-all, 
it is at present limited to random access memory applications. 
In its current development stage, the single-bit cell is not as 
small as the core or thin magnetic film element which it could 
replace. In its present word storage development stage, however, 
it is much smaller than the total sum of the cores required for 
the same bit number word. Furthermore, the ceramic memory 
has many significant advantages over the prior elements: (a) read¬ 
out is non-destructive, (Jb) associated support equipment is much 
less complex, (c) its storage is non-volatile, (d) it is nuclear resis¬ 
tant, and {e) its output is ^20 (Zq S 100 Cl) for a 
zero or one digit. Its high output voltage, with low output im¬ 
pedance, permits it to drive a multitude of gates or logic without 
amplification. Its non-destructive readout characteristics permit 
the elimination of the write-back electronics required with many 
other memories. 

Hitherto, in research, where ceramic materials such as barium 
titanate have been used as memory elements, the element was 
used primarily as a ferroelectric capacitor. The square hysteresis 
loop of barium titanate was considered promising for such 
memory applications. However, the capacitor mode of operation, 
in which the state of the induced change indicated the storage of 
a ZERO or ONE digit, in general produced a destructive readout 
and this and other constraints have negated this element’s use 
for a computer memoiy. Furthermore, the single-crystal materials 
employed were difficult to handle and fabricate and, in use, did 
not display a high degree of reliability^. In addition, the ferro¬ 
electric capacitor is a two-terminal device which makes matrix 
selection without crosstalk difficult. It also precludes practical 
noise cancellation circuit arrangements. 

A completely new approach, which negates these difficulties 
in connection with the use of ferroelectric elements for computer 
logic and memory applications, was originally researched for a 
fixed-wing, highway-in-the-sky, computer programme^. Further, 
in-house research was conducted by Litton Systems, Inc. because 
of its apparent value to the computer field. The use of poly¬ 
crystalline ceramics in a monomorphic constructed memory cell 
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eliminates the construction and reliability problems inherent 
with fragile single crystals and produces a multi-port device. 
Barium titanate devices, in addition, offer important design ad¬ 
vantages over those previously enumerated. They are less ex¬ 
pensive than cores, from the materials and fabrication point of 
view. Moreover, their output is volts rather than millivolts as 
with drum, core, and thin magnetic film memory devices. In ad¬ 
dition, they are insensitive to magnetic field interference, and the 
associated circuits are less sensitive to noise pick-up. 

The barium titanate memory element consists of a poly¬ 
crystalline material on which electrodes have been deposited in 
such a manner as to allow its functional use as a memory device. 
Its mode of operation is similar to an electromechanical filter 
that is operated near or at its resonant frequency. 

Barium titanate exhibits three properties pertinent to the 
operation of the memory. The first of these is the electrostrictive 
effect. When a piece of ferroelectric material is polarized and an 
electric field placed across it, the material is mechanically de¬ 
formed by the electrical field. Conversely, if a mechanical stress 
is applied to a piece of polarized material, an electrical output is 
observed. This second property is the piezoelectric effect. The 
third effect, exhibited by non-polarized barium titanate, is the 
retention of polarization (under the Curie point) when external 
excitation is applied and removed. This polarization may be 
reversed by a reverse applied* field. 

The theory applied to the memory element follows. Both the 
electrostrictive and the piezoelectric characteristics of the mate¬ 
rial are utilized. The memory cell although constructed from a 
single piece of ferroelectric material is made in two parts. The 
first of these is a permanently polarized motor element, across 
which a pulse or sine wave of voltage is developed by a clock 
signal. Thus, with an applied sine voltage, the material expands 
and contracts at the clock frequency. The second part is the 
memory element itself, which is polarized (write) in one direction 
or the other by a large electrical field, and which is read from the 
remanent piezoelectric output. For the motor element to drive 
the memory element, the two must be mechanically coupled. 

One of the first configurations used^ was a monomorphic 
rectangular bar of polycrystalline barium titanate. Output from 
this construction was an order of magnitude higher than that 
obtainable from cores or thin films, that is from 0-5 to 5 V. 
Mechanical coupling between the motor and memory elements 
was considerably better in this monomorph or single-bar unit 
than in bimorph configurations previously tried, and hence pro¬ 
duced higher output voltage than otherwise obtainable. The 
resonance characteristics of this unit permitted a marginal range 
of clock frequency variation. 

Optimum materials,for the memory cannot be selected only 
on the basis of their suitability for the motor (electrostrictive) or 
memory (piezoelectric) portions of the cell. A compromise 
material must be employed which exhibits useful piezo- and 
electrostrictive characteristics. Early research was conducted 
with ceramic materials whose electrostrictive, piezoelectric, re¬ 
manent polarization, and mechanical stability were not good 
with temperature or clock frequency variation. The use of new 
materials, as reported hereafter, solved this problem area. The 
motor unit of the sin^e-bar memory cell was polarized, after 
construction, by heating it above the barium titanate Curie point 
while approximately 50 V d.c. was applied, followed by a slow 
cooling. The disc memory reported on, after die following dis¬ 
cussion of operation, also employed a like fabrication technique. 


The memory cell motor element is typically driven by a 
sinusoidal clock generator. A short pulse of 35 to 350 V d.c. 
(depending upon the ferroelectric used) is applied to the memory 
element for write-in. Polarity of the write-in voltage determines 
the phase of the readout signal, referenced to the clock, and the 
phase of the readout signal defines the storage of a digital ZERO 
or a digital ONE. 

Figure 1 shows the early rectangular bar fabrication technique 
for the cells, while Figure 2 shows a typical single-bit disc type 
memory. No attempt was made to miniaturize the memory cells 
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Figure L Bar-type monomorphic ceramic memory 


but, with the feasibility of this type of memory now established, 
it is expected that miniaturization will be one of the major tasks 
for the near future. 

Clock power requirements, where a sinusoidal clock is em¬ 
ployed, are reduced to a minimum by shunt-resonating the 
lumped memory cell motor capacitance. This technique reduces 
clock power requirements by several orders of magnitude, as the 
cells no longer present a short-circuit path for the high-frequency 
clock. 

Literature research had indicated that the polycrystalline 
barium titanate memory cell material would not deteriorate 
significantly in performance during or after nuclear exposure 
to a total integrated neutron exposure of 10^® n/cm® (jE;^ > 2*9 
MeV)®. It thus appeared that a side benefit of this novel memory 
cell might be its nuclear resistance. However, it was deemed 
advisable to ascertain actual memory cell characteristics as well 



Figure 2. Disc-type^ single-bit memory 
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Figures. Post-irrmUation test of readout for ONE (top) and ZERO (bottom) 


as tile performance of its electroding and assembly materials 
with iiradiation. Several single-bit memory cells of the bar con¬ 
figuration were subjected to irradiation but were not dynamically 
operated during irradiation. 

Post-irradiation tests indicated that the test memory cells 
operated satisfactorily without significant degradation of per¬ 
formance. The ceramic memory cells were exposed to an environ¬ 
ment of 55°C and an integrated dosage of ~ 1-5 x 10“n/cm® 
at energies greater than 2*9 MeV accompanied by 8 x 10“ 
ergs/gm (Q of gamma. The post-irradiation characteristics of 
one of these ceramic memory cells are shown in Figures, aock. 
excitation was approximately 5 V R.M.S. at 400 kc. Write-in 
of a 2ERO or ONE digit was at 300 V d.c. (less voltage could 
have been used). Readout voltage was 0-75 V peak to peak for 
a ZERO digit and 2-2 V peak to peak for the ONE digit. Readout 
non-symmetry, though not unusual, is generally not so severe. 

A single-bit monomoiphic bar niemory cell has been con¬ 
structed withmotor and memory elements of equal size (Figured). 
The cell (Mod I) has sharply ^fined characteristics relative to 
a usable range of clock-frequency variation. It will tolerate 
a ± 2 to 6 kc shift in clock frequenQr based on definition of the 
cell output by phase reference to the clock drive. Conversely, 
a change in environmental temperature, which modifies the 
cell’s resonant characteristics, limits the satisfactory range of 
environment^ temperature to about ± 5 to IC’E. If phasa 
reference is ignored, this cell is usable over a wider frequency 
range (~ 80 kc). Variation in clock frequency affects the ptiafia 
relation of tiie output signal relative to a sinnsnidal clock. At 
‘bar’ cell resonance, the memory output is shifted 90 " with respect 
to the dock drive and these cells are normally operated above 
or below re^nance, at a point where the clodr signal and memory 
ou^ut are in phase. The disc-type memory also exhibits a phase 
shift, but to a lesser extent. 

Although higher memory cell output is obtainable at cell 
resonance, detuning is ranployed to secure zero phase shift 



(a)Modi (b)Mod.n (c)Mod.in 


Figured. Typical bar-type memory configurations 


between the dock and memory cell ouftjut as previously noted. 
Alternately and preferable, the clock supply to the logic gate 
(where pulse output is employed) would be through a delay 
network so that the cell could be used at resonance, its memory 
output and gating pulse being synchronized. This approach was 
not used for the prototiT* research delineated in this paper. 

The ouft>ut signal from a bar type Mod I memory cell, where 
phase-^ting .is employed to define the storage of a ZERO or 
ONE, is shown in Flgi^es 5 (a) and (b). Vertical axis scope sen- 
sitiyity is 2 V per division for the upper traces and 10 V per 
(fivision for the lower traces (dock). The oscilloscope presenta¬ 
tion reveals a ZERO output signal of 0-8 V and a ONE output 
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JTtgure 5. Output of a gated Mod I cell 


of 5*2 V. The ZERO output level is an artefact in the memory 
matrix, and is not due to the cell. Cell output imped^ce was 
approximately 1,000 O and clock frequency was about 400 kc. 
The ONE output signal shows that the negative spikes arc not 
in perfect phase synchronization with the clock motor drive signal. 
To improve temperature environment characteristics and 
lower clock frequency dependence, several new geometries of cell 
configurations were constructed and tested. Two are shown in 
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Figures 4 (b) and (c). The Mod H and III cells employ a ratio 
between the motor and memory elements of about 4:1. These 
offered no significant improvement over the Mod I memory cell 
and hence research was directed towards a different ceramic 
material and a geometry which might offer hi^er readout 
voltages. 

The stability characteristics of Qevite Corporation’s ceramic 
bandpass filters looked good inasmuch as they were rated 
temperature stable from -65° to 200° C. There were, however, 
three unknowns: (1) abili^ of the memory section to hold 
remanent polarization, (2) whether the dot or ring should be 
used for Ae motor, and (3) the electrostrictive and piezoelectric 
chara^ristics of the material. Qevite engineers'* had found that 
a limited portion of a ceramic wafer (or disc) could be excited, 
independent of the remainder, by using dot electrodes; the active 
portion of the wafer, and its associated electrodes, fo rming a 
radial expander element. Frequency control of the dot resonator 
was obtained by varying the diameter of the wafer, while fine 
tuning is achieved by tailoring the thickness of the dot electrode. 
The impedance of such a device is a minimum at resonance, 
while at anti-resonance increases by a factor of ~ 1,000. When 
such a device is used as a three-port filter, the effect of piezo¬ 
electric field coupling between the ring and dot electrodes is 
insignificant if these electrodes are spaced several times the 
thickness of the ceramic apart. This technique was used with 
the fabrication of the disc memories discussed in this paper. 
As a result, there is little coupling of the clock-ecdted portion 
of the memory to the memory portion of the f«ll 

Initial tests of the disc, used as a single-bit memory cell, were 
conduced with a Qevite TO-02A filter which, with the co¬ 
operation of the Qevite Coiporation, was secured with only the 
dot or^ ring permanently polarized. These were examined to 
determine which offered the best configuration. As is shown by 
Figure 6, the permanently polarized dot (for clock excitation) 
exhibited superior characteristics for this application. 

Its readout voltage (''«' 20 V) gave not only over twice the 
readout voltage, but it exhibited a flatter plateau. These memory 
cells employed 0-25 mm thick ceramic material. Material one- 
half this thickness should exhibit write-in characteristics down 
to one-quarter of the voltages shown. Thinner materials are 
practical. 

The ‘D’ polarized filter, used as a single-bit memory cell, 
was then tested for performance in an extreme temperature 
environment of - 80° to -I-150° C. As seen in Figure 7, the ceU’s 
output (for single write-in at 30° Q remained approximately 



figure 6. Characteristics of a dot versus ring polarized rnotor-dlsc 

memory 


constant between 0° and 150®C, showing, however, a decided 
upturn in output level between 0® and —80® C. 

The performance of the memory was then tested, utilizing 
both unipolar pulses and sinusoids for its clock drive. The filter 
from which the memory was constructed was designed for an 
interstage 455 kc/sec (radial mode) bandpass application. Tests 
conducted at Litton Systems indicated two clock to memory 
in-phase (sinusoidal clock) resonant frequencies; 162 and 



Figure 7. Readout characteristics of a dot-polarized disc memory cell 
with temperature 




Figure 8, Disc memory clock at 412 kc/sec. Top(s) memory cell, vert. 

5 V/cm. Bottom(s) clock, vert. 10 V/cm. Sweep 2 (JUf^c/cm 

412 kc/sec. The latter frequency is used to present the perform¬ 
ance of the single-bit memory as shown in Figure 8, In addition 
the memory cell was operated from a unipolar pulse generator 
as shown in Figure 9. As previously noted the clock or pulse 
repetition rate was selected for phase relationship to show the 
memory’s performance to better advantage. Higher memory 
outputs are available at other frequencies. In addition, it should 
be noted that the application of a single pulse, rather than a 
pulse tr^ {Figure 9) causes a ringing output. As is shown the 
sequential pulses maintain the memory in an oscillating state. 

The ceramic material used in the bar-type memory cell® 
differed from Qevite’s PZT-5A* utilized in the disc-type 

* Registered trade mark for a lead zirconate ceramic. 
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memory. Its nuclear resistance was uncertain, although corre- 
latively was assumed to be nuclear resistant also. In order to 
determine, without doubt, that the new material was nuclear 
resistant, several test specimens were exposed to ~ 1 (16) no ft, 
E„>2‘9 MeV; ~1(11) erg/gm(C) integrated neutron and 
gamnia exposure respectively. At the preparation of this paper 
the induced radioactivity of the specimens still precluded 
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Figure 9. Disc memory clock rep. rate 202 kp/sec. Pulse width 1 nsec. 
Top(s) memory cell, vert.sensit. 5 V/cm. Bottom(s) clock, vert.sensit. 
20 V/cm. Sweep 2 psec/cin 


complete post-irradiation evaluation. Preliminary evaluation 
indicates insignificant degradation of performance. 

Although it was apparent that the single-bit disc could be 
scaled down in size, achieving a higher operating frequency with 
some loss in output impedance, it was decided to shelve that 
approach temporarily and to construct a multiple-bit, or word, 
memory cell. The size of this memory is shown in Figure 10. 
Although constructed for an 8-bit word, it could ^ily be 
modified for a 13-bit, or larger, word. The word storage memory 



Figure 10. Eight-bit single ceramic memory cell 


cell offers many significant advantages. Among these are: (1) less 
readout gatmg is required, (2) simplified parallel readout, 
analogous to paralleled shaft encoders, is possible, and (3) 
compared with a strictly sequential digital system it has a much 
higher bit-output rate for the same clock frequency. 

The parallel readout of a 13-bit word at a 400 kc rate would 
be equivalent to a sequential bit rate of 5-2 Me (i.e., the number 
of bits processed in the same period). It should be noted that 
many memories can be designed for parallel bit (or word) 
output. Their low level output signals require separate amplifiers 
for each bit processed, whereas these are not required for the 
ceramic memory. Inasmuch as the ceramic memory can be made 
to operate at higher than 400 kc/sec clock rates, and with 
higher bit density, its capabilities are easily recognized. 
Unfortunately the write-in capabilities of this memory are not 
as satisfactory as its readout parameters. Linear selection to 
each bit is presently required for write-in, althougli current logic 
studies indicate this may be surmounted. Write-in speeds to 
1 Me have been achieved, but to put the same energy in the 
ceramic domains, as the write-in time (width) is decreased, 
requires that the write-in voltage be increased. The voltage 
requir^ is fortunately not a direct reciprocal of the ratio of 
time width decrease. In addition, significant reduction of write-in 
voltage may be achieved by proper selection of the ferroelectric, 
its thickness, and electrode size, without loss of sign^ level or 
impairment of output impedance. Analytical and empirical 
tests are being conducted to define this area. 



Figure 11. Breadboard of an eight-bit disc memory 
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Figure 12. Eight-bit memory test configuration 


The dicing of the ring element into discrete bits, such as to 
secure word capability, does not lower the no-load output 
voltage level. Each ‘bits* output level is the same as the intact 
ring. However, the ‘bit’ versus the ‘ring’ output impedance 
increases directly as a ratio of the number of ‘bits’ to the ring. 
The ring (single-bit) output impedance is ~ 100 Q, whereas if 
the ring is diced for a 10-bit memory each bit impedance would 
be 1 kfi. This still allows sufficient bit output to drive diode gate 
logic directly, without amplification. 

To demonstrate the capabilities of the word memory visually, 
an 8-bit cell was constructed and breadboarded as shown 
in Figures 11 and 12. Rather than use sequential gating for 
presentation of the 8-bit word on an oscilloscope, parallel 
optical readout was employed. Each bit of the word is AND 
diode gated, and is allowed to produce an output voltage at clock 
rep. rate, if in phase with the clock. This voltage is then used to 


light the lamps shown. ‘On’ lamps indicate a ONE, and ‘off’ 
lamps a ZERO, digit. Because of the thermal characteristics of 
the lamps, several ONE pulses are required before the lamp 
comes up to full illumination. The clock frequency used for this 
demonstration was 390 kc/sec. 
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DISCUSSION 


A. Kaufman, in reply to questions presented from the floor 

In order to bring the paper up to date, the assumption that a decrease 
of the memory cell thickness to one-half of its 0*25 mm value would 
reduce the write-in voltage requirement to one quarter has not proven 
correct. 

(Q) Is the memory resistant to humidity? 

(A) Encapsulation in a flexible epoxy should give humidity pro¬ 
tection. Memories have been tested, as shown in the paper, with no 
special regard for humidity and have been operating for over a year 
in a laboratory environment. No tests have, however, been conducted 
in humidity or self-spray chambers to any specification. 


(Q) What is the current write-in speed? 

(A) One-quarter megacycle (V4 Me) 

(Q) What is the readout speed? 

(A) Currently a word (up to 40 bits) is readout in parallel at 14 Me 
clock rate. 

(Q) What is the total write-read access time under best con¬ 
ditions ? 

(A) This is hard to define at present because the memory organi¬ 
zation (logic) will affect actual system speed. Depending on many 
factors it might be Vi-l Me. 
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The Application of Digital Differential Analysers 

in Control Loops 

H. RECHBERGER 


Summary 

For feedback control there are usually devices of the analogue com¬ 
puter type in service. Digital computers are also in use in a smaller 
number of cases. The digital differential analysers are a special class of 
digital computers which, in a simple way, solve ordinary differential 
equations in real time. These computing devices are useful for control 
purposes in a broad scope. It is explained how control devices with 
step-wise function of the motor can be realized. Such a control system 
gives an improved performance by using simple non-linearities. 

The construction of digital parallel computing elements is ex¬ 
plained ; this is an advantage for integrators which are used for purposes 
of controlling a system. Such controllers have a high internal stability 
and need no additional devices for stabilization. The value of para¬ 
meters can be positioned freely; the technological effort can be adjusted 
easily, to the accuracy needed, at any time, but this is not the case with 
the analogue type. The ‘building-block design’ ensures the greatest 
flexibility so that a part of the existing control problems can be solved 
efficiently. 

Soininaire 

Dans les systdmes de r^glage classiques, les boucles d’asservissement 
sont en g^n^ral r^s6es au moyen de syst^mes analogiques; des bou¬ 
cles d’asservissement avec des 616ments num^riques ontdgalement 6t6 
r^alis^ dans certains cas particuliers encore peu frequents. L’analy- 
seur difKrentiel num^rique constitue une cat6gorie particuli^re de cal- 
culateurs num^riques sp6cialement aptes k r6soudre en temps r^l des 
Equations diff6rentielles d’un type classique. Ces analyseurs trouvent 
un large champ d’application dans le domaine des r^glages automa- 
tiques. Le rapport indique comment les utiliser en particulier pour 
r^aliser des commandes k moteur, susceptibles d’effectuer des varia¬ 
tions selon des ^helons rectangulaires. Les performances de ces syst^ 
mes peuvent 6tre am61ior6es par I’utilisation d’dl^nents non lin^aires. 
La construction d’un dldment numerique fonctionnant en parall^le est 
expliqu6e. De tels 616ments sont particuli^rement indiqu6s pour les 
integrations que necessitent les systfemes de r^glage de ce type; ils ont 
une stabilite interne tr^s eiev^e et ne necessitent pas I’u^atipn de 
dispositifs de stabilisation suppiementaires. La valeur des parametres 
peut etre ajustee k volonte; Teffort technologique peut egalement Itre 
ajuste en foncUon des exigences de la pratique, ce qui n’est pas le cas 
des asservissements du type analogique. Un systeme de realisation par 
combinaison d’eiements normalises assure une grande souplesse, en 
sorte qu’une certaine categorie des probiemes de reglage que pose la 
pratique, peut etre resolue efficacement au moyen de la solution propo- 
see. 


Zusflmmenffligsiing 

In Regelkreisen werden meist zur Regelung Analogiegerate verwendet. 
Digitale Rechenger^te werden manchmal flbergeordnet eingebaut. 
Digitale Integrieranlagen sind ein Sondertyp der digitalen Rechen- 
ger^te, die die Ldsung gewOhnlicher Differentialgleichungen in Echt- 
zeit leicht ermbglichen. Solche Gerdte sind deshalb als Regelger&te in 
ziemlich breitem Rahmen anwendbar. Es wird gezeigt, wie damit Rege- 
lungen mit stufenweiser Verstellung theoretisch und praktisch verwirk- 
licht werden kdnnen. Dabei kann die Regelung durch einfache nicht- 
lineare Beziehungen verbessert werden. 

Der Auf bau von einfachen, parallel arbeitenden Rechenwerken ist 
von Vorteil fiir Integratoren, wenn sie flir Regelungszwecke eingesetzt 
werden sollen. Solche Regler sind von hoher innerer Stabilitat und 
brauchen keine zusStzlichen Stabilisierungsmittel. Die Parameter kSn- 
nen freizUgig eingestellt werden. Der technische Aufwand kann der 
jeweils erforderlichen Genauigkeit und RegelgUte besser angepaBt 
werden, als dies bei Analogiegeifften der Fall ist. Ein bausteinartiger 
Auf bau gewahrleistet groBe Flexibilitat, so daB ein Teil der bestehen- 
den Regelaufgaben damit auch wirtschaftlich gelbst werden kann. 


introduction 

To any surveyor of the modern computing technique it is known 
widely that there are several different classes of computers in 
service today. In this field there are: digital computers, analogue 
computers, mechanical differential analysers, and digital inte¬ 
grators. Of the classes mentioned, the first two categories are 
preferred in service. In the great majority of the respective cases, 
the controlling task is performed by means of mechanical, pncu- 
matical, electromechanical or electronic devices; these contrap¬ 
tions being, essentially, nothing but analogue computers con¬ 
structed for special cases of controlling performance. The largest 
nmnber of these devices is constructed for the purpose of 
computing the differential quotients, a proportional value and 
the integral value of the controlling error, and then of carrying 
out the summation of these terms. 

Sometimes, however, more complicated operations may 
become necessary. In these operations the independent variable 
is always the time, and the solutions of ordinary differential 
equations having the time as the independent variable can be 
gained, by the most simple and cheapest methods, with the 
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customary analogue computers. Therefore it is by no means 
Strange or astonishing that digital devices can penetrate only 
very slowly into the sphere of the practical control technique, 
although these devices, with respect to accuracy and intern J 
stability, widely surpass all known analogue computers. 

The essential parts of digital computers are: the arithmetic 
unit, the control unit, and the store (known also as ‘storage’ or 
‘memory’). The more simply the arithmetic unit and the control 
unit, toe so-called ‘logic circuits’, are constructed, toe more 
extensive the computing programme is bound to be (toe quantity 
of the necessary separate operations is increasing also). The 
extreme case of development in this direction would be a device 
with only one single logic circuit (Sheflfer function) and an ac¬ 
curate programme, which latter has to decide with which ‘bits’ 
out of toe storage there can be executed linked-up operations in 
a chronological order. In reality, such a contraption will never 
be designed, because it would be handicapped by an immensely 
long computing time. 

rhe contrarily extreme case can be visualized as a device 
with a multitude of arithmetic units, its control unit having a 
separate circuit wiring for toe solution of each and every prob- 
lon. In that case, there is no more need of any programme. 
This type of computer is feasible if the question is about com- 
putmg operations of a certain sort, that is, toe solution of 
ordinary differential equations. This class of computing devices 
is represented by toe digital integrators. 

General Features Concerning Digital Litegrators 

In accordance with its name, such a computing device must 
be able to compute integrals. But with a digital device, however, 
integrations cannot be performed exactly; toe results must be 
gained always by approximated summation. Therefore, the 
' fundamental operations 

J'=J'o + Jdy (1) 

dz=c-ydx (2) 

will have to be substituted by 

y=yo+Sdj; (3) 

Az=:C‘yAx ( 4 ) 

Therefore, the fundamental element of any digital diffeiOTtial 
Malyser is represrated by toe integrator. This device has one 
input each for the integrand increment Ay, and for toe argument 
incremmt Ax, the output delivers the integral increment Az. 
Th^e increments only are exchanged between toe integrators. 
This is a very essential and important feature, because such iur 
crements can be represented very easily in a digital form by 
electrical pulses. The most simple method is toe application of 
toe binary transfer system (pulse or no pulse). In that case, 
however, the transfer of toe increment ‘zero’ (transfer of a con¬ 
stant) can only be approximated by an alternating positive 
(‘pulse’) or negative (‘no pulse’) increment. 

More preferable would be a ternary transfer system, working 
either by toe use of three different voltage levels (positive, zero, 
negative), or by toe use of two separate transfer lines. 

The characteristic features and performance of such a digital 
differential analyser are represented by toe scheme of Figure 1. 
Two storages, toe registers Y and F, contain toe integrand and 



Figure 1, Schematic diagram of an integrator; 
(a) functional: (A) symbolical 


toe integr^^ increments. The Y register must be able to store a 
chosen^ initial value y^. To this toe increments Ay are summed 
up. This operation can be carried out by means of an accumula¬ 
tor, or, more simply, by building up toe register as a counter. 
This counter must be able to handle positive counting pulses as 
well as negative ones (to count forwards and backwards). 

If overflows occur they must be registered without fail, 
otherwise there is the danger of feeding erroneous values into 
toe following computing process. 

Between both toe registers moitioned there lies an adder, 
which hM to carry out toe task of summing up the contents of 
both registers and storing again toe results in the register R (ac¬ 
cumulator). The signals for addition (respective subtraction) 
are given by the Ax increments. By these, evidently, there is 
built up in toe register R a value which corresponds with toe term 

r=SyAx (5) 

The increment Az, on toe other hand, is generated simply by 
feeding every overflow (end transfer) of the R register in toe 
form of a pulse to toe output. The number of these overflows of 
course must be 

Az=z2~^'yAx ( 6 ) 

if toe Ji register is equipped with ‘iV’ binary digits. Thus »c- 
pression (4) is satisfied. The factor c, therefore, depends on the 
number of digits of the register, and is the larger, toe smaller 
the number of digits happens to be. In view of being able to 
integrate more quickly (toe pulse frequency being constant) 
there remains only the means of diminishing the accuracy. This 
possibili^ of a compromise between accuracy and swiftness in 
operation is generally not to be found in analogue computers. 
Apart from integrations, additions and subtractions of increments 
must dso be carried out in digital differential analysers. These 
operations can be executed by means of simple logic circuits. 

It STOms that such digital differential analysers are really 
demanding much more costly eiqienditure than toe correspond¬ 
ing analogue computers, but they have also, in comparison with 
the latter, two very essential and important advantages: 

(1) The stability of the computing circuits is very high, toe 
information transfer and mformation handling being executed 
digitally. Tlus, there will, on account of this digital method, be 
every possibility of noise practically disappearing. 

(2) Any increment, as input term, can be applied as well for 
the argument as for the integrand. Ih this way it is possible, as 
with mechanical integrating devices, to. execute partial inte¬ 
grations. Quadratic functions, products, logarithmic functions 
and many other non-linear relations between variables can be 
thus featured without additional expenditure. 
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Concerning the choice of the number system, it must be 
stated that the classical binary system here grants very essential 
advantages. The number of data which must be dealt with is 
a very small one (in this field there appear mainly the control 
deviation and a rdatively small number of parameters). Out¬ 
put variable is a value working by means of the actuator on the 
controlled system. On the other hand, the number of computing 


to which (when the error x„ varies discontinuously) the unit 
step function 
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corresponds. Such a unit step response is shown in Figure 3. In 
adjusting this sort of controller one’s hand can operate freely 
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Figure 2. Block diagram of a P.LD. controller with digital integrators: (7) converter, (2) step actuator 


elements is rather a large one, but devices with hanHling of the 
digits in the binary system are not as expensive as binary-<leci- 
mal computers. 

Example of a Digital Differential Analyser’s Application 

It is evident that a digital differential analyser can be used 
for any control problem. Additionally necessary is an analogue 
digM converter for furnishing the error a:«, in the digital trans¬ 
position, and a generator for supplying pulses of constant rate; 
Figure 2 shows, schematically, a simple P.LD. controUer. It is 
suitable to use, ^ A-D converters or encoders, such devices 
which are operating on the time-base coding principle. These 
devices supply the error immediately in the form of pulse rate. 
On the output, the controller provides a pulse rate corresponding 
to the differential quotient of the manipulated variable. The 
output, then, can very easily be simulated incrementally by 
means of a step actuator. The three integrators of the input, 
having fixed integrands, serve as coefficients suppliers, the three 
feedback integrators being the actual computing elements. 
Furthermore, the controller essentially works in the forward 
direction, the otherwise often-used feedbacks not being necessary 
here, due to the excellent stability of the computing elements. 
Each of the integrators has the transfer function 


and thorou^y at will, the three coeflScients and Jf. 

being quite independent of one another. 

There is often the possibility of improving a control system 
by the introduction of non-linearities. The swiftness of a control 
system, of course, depends on the loop gain Fj of the control loop. 

On the other hand, the value F*, depending also on the 
coemaente K^...K^ cannot be increased too much, or else the 
stability limit will be in danger of being overstepped. A way out 
of this dilemma is represented by the error-influenced loop gain, 
in accordance with which method there will be assigned a basic 
value to a fitting coefScient and then added a quantity corre¬ 
sponding to the absolute value of the error. By this method one 
is able to deal even with large errors very quickly without 
endangering the stability of the system. The coefficient men¬ 
tioned will be in that case: 

iC=Go+2s:|x„| (H) 

Just those useful non-linearities can be put in operation very 
efSciaitly and easily with digital differential analysers. Figure 4 
shows a block diagram for the generation of an error-influenced 
coefficient. The absolute value can be gained very comfortably 
by simple rectification of the pulses emitted by the A-D con¬ 
verter. Several controlled systems have direction-influenced 


X,{p) 1 

^*(P) Tp 

the integration constant having the value 



(7) 

( 8 ) 


in which expression the symbol / stands for the rate of the 
generator for the constant increment A/. The plotted block dia¬ 
gram supplies, as can easily be shown, the transfer function 


JM. 


'k 


(i+7^J 


(9) 



Figure 3. Unit step re^onse—see eqn (10); (a) continuous; (b) step-wise 
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time constats. In that case an improvement is made possible 
and especially easy by adjusting the controlling swiftness to 
the time constant valid for the regarded case, because the argu¬ 
ments of the integrators can be varied at one’s free will and 



Figure 4. Block diagram for the generation of an error-influenced 

coefficient 

opinion. The great number of possibilities, of which one typical 
example only has been selected and demonstrated here, is limited 
generally by the expenditure justifiable in every special case. 
This amount of expense, however, is dictated partly by the 
technical layout of a controlled system. 

Technical Layout 

Concerning controlled systems operating digital differential 
analysers, it must be borne in mind that the precision of control, 
generally, is not dependent upon the number of digits of the 
integrators. Basically and axiomatically the precision of a con¬ 
trol system depends on the accuracy of the detecting element. 
Therefore, the A-D converter must operate with precision as 
well as sensitively and drift free. Of course these characteristic 
features of a controlling device will be demanded by the more 
fastidious and exacting of customers. 

It is by no means necessary for the controller itself to operate 
with the fine-stepped precision usually demanded in the digital 
differential analysers. For it is hot the task of the controller to 
compute functions; it has, on the contrary, the task of driving 
the step actuator (in more or less large steps) in such a direction, 
that the error is bound to disappear as quickly as possible. In 
the steady-state operation, generally, the actuator will remain 
oscillating between two neighbouring steps. 

The operation of digital differential analysers generally takes 
place in a serial way: the accumulator works up the single 
binary digits of the registers one after another. 

As a result there appears the disadvantage that, in this 
method, the Az pulses cannot be built up sooner than when the 
addition of both the register digits of the maximal value is ex¬ 
ecuted; this fact is the cause of unwelcome delays .The number 
of digits necessary in controllers generally lies between the 
values 5 ... 8 (computers having, oh the contrary, at least be¬ 
tween 20 ... 30 digits!). This fact suggests the design of parallel- 
operating accumulators. The most difficult problem in these 
latter devices consists in the quickest possible passing through 
of the carry from one digit to the next. Figure 5 shows one 
binary digit of a parallel-operating accumulator (this diagram 
is valid for ,summing-up only). It is obvious that there is a 
multitude of logic elements necessary. To these, moreover, 
there must also be added a number of amplifiers, with the task 
of adjusting the carry signals again and again to the right energy 
level. This expenditure in logic elements can be decreased con¬ 
siderably if it is decided to apply relays for the carry build-up. 


It is known that, both of the two summed values being equi¬ 
valent, the built-up carry is identical to these summed values, 
uninfluenced by the carry. On the other hand, the carry will be 
passed through independently and iminfluenced by the summed 
values if the latter are antivalent. Figure 6 shows such an ac- 




Figure 6. Parallel accumulator for additions and subtractions with 
relays for carry build-up 
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cumulator schematically. The relay Q is connected with one 
end of Its coil to the output voltage of the register Jt. If an ad¬ 
dition or subtraction signal is initiated by the pulse Ax, the 
other coil end is also energized with voltage. Therefore the carry 
will be taken out of the register in the case of equivalent summed 
vmues, whilst the relay will come into action and pass through 
the carry if the summed values are antivalent. Thus all the 
carries are prepared. 

At the same time, the relay F also comes into action. With 
this start, the changing signal can put into action the result 
register digit. This changing signal can be built up only when the 
number of digits prepared for addition and the carry are anti- 
vdent. Immediately after the switching of the R register cell 
the Ax pulse is finished and aU the relays fall off. The relay 
contacts are not worn out, because there is no power switching 
m their operation. 

In the TecMcal University of Vienna integrators are bebg 
developed which can execute approximately 25 computing steps 
per second. Of course, the modem computer technique is quite 
able to display far more impressive successes on this fipid. One 
must bear in mind, however, the necessity of such a controlling 
device being of a most reliable construction; therefore, its parts 
must not be supersensitively ‘overdeveloped’. On the other hand 
<me must not forget that for the larger part of controlled systems 
the actuators have limits not also in range but also in afitiiating 
velocity. Therefore the pulse frequency must be chosen in 
^ordance with the maximal actuating velocity as well as with 
the number of the actuator steps. 

Application Possibilities 

As already mentioned, the application possibilities of digital 
differential analysers are, in principle, not limited with respect 
to controUing tasks. Of course there will be some limitation 
dictated by financial reasons, by expenditure, and therefore 
parUy by reliability in service. The quicker and more accurately 
the ^vice is expected to operate, the higher the amount of ex¬ 
penditure will increase. The term ‘swift control’, of course, is 
only a relative one. Its scale is given by the controlled system 
and its prevalent time constants. 


Therefore, the application of digital differential analysers 
will be economi^ especially with controlled systems of larger 
time constants (in the size of a few seconds!). Into this category 
belong nearly all controlled systems in which some nwcw; 
have to be put into motion on the input (for example, valves) 
namely, thermal controls, turbine controls, ships controls etc. 
Instead of a step actuator there can also be applied an electric 
a. c. motor (induction motor) which, during every pulse given 
by the controller, is switched on for a definite short time. 

The paraUel operating computers described under the head¬ 
ing of Technical Layout have, moreover, the advantage that the 
controller can alwa)^ be built up out of a multitude of identical 
parts (‘building-block system’). These computing devices can 
alvrays be divided into several parts and thus the number of 
digits for the computed terms can be adjusted accurately to the 
number of steps of the actuator. In other words, the actuator 
steps can be divided in such a way that the best possible com¬ 
promise tetween controlling swiftness and steady-state oscillat¬ 
ing amplitude can be reached. 

In this paper only a few examples have been explained and 
the theme mentioned has by no means been treated exhaustively. 
The intention is only to show that it is possible technicaUy as 
well as economically to design controlling devices which can be 
operated flexibly, adjusted at will and, furthermore, can be ap- 
pli^ multilaterally, and which, moreover, by discontinuous 
digital operation, can reach a high controlling efficiency. A 
simple and inviting way to this end is shown by the principle of 
the digital differential analyser. 
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Summary 

There have been several reports on digital control of speed and speed 
ratio during the past few years, yet it is argued whether it is sufficient 
only to find the integral action component in a digital method and to 
carry out the remaining control in analogue form. 

Beginning with the errors of tachogenerators over a short time 
range, a limit for fast analogue speed control is attained. This tolerance 
can be decreased by digital proportional plus reset action or propor¬ 
tional plus reset plus rate action controllers to one-tenth of its original 
value. Even under extremely difficult working conditions, 0-1 per 
thousand can be achieved with a control insensitivity of 50 msec. The 
derivative action component can be found with a new digital measuring 
system without using a digital prescribed value. The development and 
the fault compensation of the pulse generators are worth a special 
observation. The faults can be compensated by regarding the measured 
errors in the programme or by using special sin-cos-correcting pulse 
series. Simple correlation methods solve these problems automati¬ 
cally, too. 

These digital methods are able to increase the long term constancy 
of speed controls (digital integral. action component), as well as 
improve essentially the control dynamics in the range of small devia¬ 
tions (digital proportional plus reset plus rate action or proportional 
plus reset action controllers). 

Researches with the analogue computer are favoured by new 
simulating methods of the digital proportional plus reset plus rate 
action controller. 

Sommaire 

]3ifi<6rents travaux ont 6t6 consacr6s ces demidres ann6es au r6glage 
de Vitesse et du rapport de 2 vitesses par des moyens num^riques, ces 
moyens 6tant destines essentiellement k rop6ratipn d’integration 
n^ssit^ par le r^glage, le reste de ce r^glage s’effectuant par voie 
analogique. 

Le g6n6rateur tachym6trique introduit une erreur pour les regimes 
transitoires tr6s rapides, ce qui limite la rapidit6 de r6glage d’un 
syst^me de r6gjage analogique. La prdcision du r6glage peut dtre 
augment^e dans la proportion de 10 ^ 1 par Tutilisation d’616ments 
PI ou PID de nature num^rique. M8me dans des conditions de travail 
extr€mement difficiles, une insensibility de 0,1 pour mille a pu Stre 
atteinte, pour 50 msec. 

L’yiyment diffyrentiel 21 a pu 6tre r6alisy avec un nouveau syst^me 
demesurenumyrique, sans avoir^utiliserunevaleurnum6riqueprescrite 
k I’avance. Le dyveloppement et la correction apport^es par le g6ny- 
rateur d’impulsions myritent une mention particulidre. Leserreurssont 
compensyes k partir des erreurs mesuryes ou en utilisant deS syries 
de corrections sinusoldales ou cosinusoldales. Ce probiyme peut ytre 
ygalement rysolu en utilisant les mythodes classiques de corryiation. 

Les mythodes numyriques sont ainsi en mesure, aussi bien d’amy- 
liorer en rygime permanent la prycision du ryglage de vitesse (intygra- 
tion par voie numyrique), que d’amyiiorer la tenue dynamique de la 
grandeur lygiye en rygime transitoire pour de faibles variations 
(systyme de ryglage PED ou PI). 

Les ytudes au moyen de calculateurs analogiques sont avantageuse- 
ment compiytyes par de nouvelles mythodes de simulation du systyme 
numyrique PID. 

Zvsammenfassung 

tibcr digitale Regelungen von DrehzahJen und deren Verhaltnissen 
ist in den letzten Jahren verschiedentlich berichtet worden. Es ist 


dabei bisher umstritten, ob es in alien Fallen genugt, nur den /-Anteil 
der Regelung digital zu ermitteln und die ubrige Regelung analog 
auszufiihren. 

Ausgehend von den Fehlern der Tachomaschinen im Kurzzeit- 
bereich wird eine Grenze fur schnelle analoge Drehzahlregelungen 
ermittelt. Diese Fehlergrenze lafit sich mit Hilfe von digitalen P/- Oder 
P2D-Reglern urn eine Zehnerpotenz weiter hinausschieben. Auch bei 
schwersten Bedingungen kdnnen 0,l°/oo bei einer Anregelzeit von 
50 msec erreicht werden. 

Der 2>-Anteil laBt sich mit einer neuen digitalen Mefianordnung 
ohne Verwendung eines digitalen Sollwerts ermitteln. Die Ausbildung 
und der Fehlerausgleich der Impulsgeber verdient besondere Beach- 
tung. Durch Einprogrammieren des gemessenen Fehlers oder durch 
Anbringung besonderer sin-cos-Korrekturimpulsreihen lassen sich 
die Fehler ausgleichen. Einfache Korrelationsmethoden 15sen diese 
Aufgaben auch selbsttdtig. 

Digitale Verfahren sind also in der Lage sowohl die Langzeit- 
konstanz bei Drehzahlregelungen zu erhOhen (digitaler /-Anteil), als 
auch die Regeldynamik im Bereich kleinerer Abweichungen wesent- 
lich zu verbessern (digitaler PID- Oder P/-Regler). 

Untersuchungen auf dem Analogrechner werden durch neue 
Nachbildungsverfahren des digitalen P/D-Reglersbegiinstigt. Abschlie- 
Bende Versuche z,B. mit 50-kW-Maschinen sollen die Ergebnisse 
dieser Arbeit in der Praxis erhdrten. 


Digital rotary speed control, and quantities derived from it, are 
finding an increasingly wide field of application* In addition to 
their obvious advantages, both the technical and economical 
limits of digital speed regulations are considered in detail in 
this paper. 

Umits of Accuracy with Analogue Speed Control 

The problem clearly arises from a juxtaposition of the two 
systems. Analogue speed control is no longer able to meet all 
requirements of tolerances which are much smaller than ever 
before. Hence the economical limit of digital speed control is at 
the point where the analogue regulations begin to miss the re¬ 
quired accuracy. On the other hand, combinations of digital and 
analogue systems—the latter ones fully exploited—in many 
cases render optimal solutions. 

Up to the present time, for speed control, the prescribed 
value is frequently set on uncalibrated potentiometers. The 
reproducibility of such a selected value is not yet satisfactory. 
It can only be achieved by superimposed manual control with 
the aid of higher classified measuring instruments. In the case 
of the digital control loop as shown in Figure /, the coxmter- 
hatched areas have to work in a digital way. The remainder of 
the control loop, hatched in one direction, may partly or wholly 
work on digital or analogue principles. 

No special attention should be paid here to the measurement 
of actual values, as this is the weakest point in an analogue 
control circuit. In most cases the measured value represents the 
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Regulating poin^ 
Current 


Disturbance variable 


(Measuring point 



‘om par Ison 
between 
set point and 
actual value 

Digital or analogue according to requirements 

Figure 1. Block diagram of digital control circuit Desired value 
actual value X; deviation Xw 


voltage of d.c. or ax. tachogenerators. Depending on the in¬ 
stantaneous values for rotary speed, the errors can be classified 
as: errors in proportional response of speed but of constant 

relative influence, and (p) errors in no direct relation to speed, 
with a strong influence at low values. 

With respect to their time characteristic the deficiencies in¬ 
herent in measuring actual values can be classified as: 

(1) Slowly working influences. 

(2) Influences having a frequency close to the number of revolu¬ 
tions. 

The most important slowly working influence is the decre¬ 
ment of the widely used permanent magnetic flux in relation to 
temperature which amoimts to approx, per centigrade 0*4 parts 
per thousand. In certain ranges a compensation is possible (see 
Figure 2), In connection with d.c. tachogenerators the variable 
voltage drop at the brushes should also be considered, whilst 
a.c. tachogenerators require a rectifier, the threshold voltage 
of which varies with temperature. 

The known above-mentioned errors of the tachometer de¬ 
vices do not cause serious trouble during short operation 
periods. A certain noise is present in each tachogenerator 
voltage. Irregularities in magnetic permeability and construc¬ 
tional tolerances may cause other interfering waves of low order 
which tend to be amplified by coupling faults (see Figure 5), 
Their magnitude is between 1 and 10 per cent of the measured 
value concerned. Cancelling is possible by smoothing the tacho¬ 
generator voltage, in case the shape of the transfer char¬ 
acteristic is not an important factor. Superimposed a.c. voltages 
of very low frequency are a factor which causes the greatest 



Figure 2. Voltage change of a compensated tachometer device, depend¬ 
ing on the temperature & 


difficulty in all speed control, as their periods (40 msec in the 
case of 1,500 rev/min) will easily interfere with the first zero 
variance* of well-designed gear. All smoothing, which is the more 
effective the higher the degree of order, is rendered difficult at 
lower frequencies due to a decreasing number of revolutions. 

The a.c. tachogenerators show a considerable portion of 
harmonics even for multiphase designs (40 parts per thousand 
in the case of a six-pulse rectification). The occurrence of inter¬ 
fering harmonics can be favourably influenced by a suitable 
shaping of the a.c. voltage curve. 

The Application of Digital Control Principll^ 

The use of registered values taken from memories, for ex¬ 
ample punched tapes, can promote the application of digital 
engineering. Obviously the setting of values is no longer sub¬ 
jected to the arbitrary actions of operators; this is a great ad¬ 
vantage because of the present lack of skilled operating per¬ 
sonnel. Moreover, the number of revolutions per unit time can. 



Figure 3. Wave disturbing effects (noise) of a d.c. tachometer device, 
1 cm on the screen (in vertical direction) corresponds to 0*67 per cent; 
1 cm on the screen (in horizontal direction) corresponds to 10 msec. 
Drawn by the same scale is the computed step response of the speed 
in the circuit in accordance with Figure 4 at 1/10 impact of rated load 
(torque) == 0*1 

because of its nature, easily be found in the digital way simply 
by counting. However, it is important, in most cases, to answer 
the need of an increased and hitherto unknown accuracy. 

Different requirements in coimection with the time charac^ 
teristic classify the applications and the reasons that demand 
digital rotary speed control and its working conditions. The 
following two groups result from these requirements. 

(1) The constancy over a long period and the reproducibility 
of analogue control action is not yet satisfactory. 

The reasons for this may be either deviations of the tacho¬ 
generator voltage, a temperature rise or aging effects in con¬ 
nection with transistors and Zener diodes, in set point and 
comparative stages. On the other hand, the dynamics of mani¬ 
pulating the independent variables and the reaction to shock 
disturbances may be satisfactory. An analogue P control t, or, 

* The first zero variance is the period required to attain the pre¬ 
scribed value first time after the beginning of the control process. 

t P = proportional part of deviation of regulation 
I = integral part of regulation 
D ^ differential part of regulation 
IP = controller with proportional plus integral, action 
IPD = controller with proportional plus integral plus rate action 
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as the case may be, a PD control, together with a digital 1 part 
will do it. The requirements with respect to the limiting fre¬ 
quency of the digital part (1 to 10 kc/sec) are moderate^. 

(2) With regard to the dynamic response of the measuring 
member (tachometer), the demand is often higher than the toler¬ 
able economic expenditure. 

Even in the case of the strongest admissible smoothing the 
difference of regulation to be measured lies with respect to its 
amount and frequency within the range of the noise (that is 
the upper and higher undulating waves) of the tachogenerator 
voltage. In order to improve the dynamics of control, the P value 
of the regulation difference must be computed accurately and 
quickly by digital means. Sometimes it may even be necessary 
to compute the differential quotient in the digital way. As a 


Motor 



Figure 4, Block diagram of a d.c. shunt motor with constant field ex* 
citation and rectifier supply of the armature circuit with an analogue 
controller with proportional plus integral action for the armature current 
and a digital controller with proportional plus integral action for the 
speed (fl)) 

result of the comprehensive information, there are considerable 
demands with respect to the upper limit of frequency (for ex¬ 
ample 1 Mc/sec) which can, however, be mastered easily by 
transistorized counters. 

In order to recognize clearly the capacity of digital revolving 
speed control systems, a qualitative and a quantitative example 
shall be given according to the second definition. The example 
applies to a single drive of high accuracy as well as to a complex 
system of motors, where the speed ratios are adjusted in relation 
to a directing unit. So the block diagram of Figure 4 can also be 
considered as a representation on an analogue computer. An 
additional moment of inertia 9 is taken for a load, as this is the 
general practice in connection with multimotor drives (time 
requhed to start running up to full speed Ta = 5 sec). At 
maximum frequency of 1 Mc/sec the measuring time = 
10 msec of digital control allows an accuracy of measuring and 
adjusting the P part of 10“^ i.e., every 10 msec the angular 
velocity (o is measured with an allowance of 0-1 part per 
thousand"*. The integral part reaches a substantially higher accu¬ 
racy, which may be described as absolute. The conditions pre¬ 
vailing there may be regarded as a true angular synchronism, but 


with a sensitively adjustable proportion that allows reproduc¬ 
tion. 

Such accurate drive should not, however, be exposed to 
large-scale disturbances, except those inevitably coming from 
the work process. The shaft here is assumed to be the collector 
of all impacts due to interfering powers. For the step response 
which was found by an analogue computer (as additionally 
plotted in Figure 3) a load impact of one tenth of the nominal 
value of torque has been taken. There are needed about 50 msec 
for the final adjustment (± 0*5 parts per thousand) of this process. 
The whole process of adjustment shows smaller amplitudes than 
those appearing as noise in the tachometer voltage. Therefore it 
can be mastered only by very fast working digital regulators. 
Here it should be mentioned that a digital regulator of this type 
puts out smoothed d.c. voltages and currents which may, under 
stationary conditions, vary by only one digital unit. This means 
that the usual smoothing preceding the rectifier input, with a 
time constant of 10 msec, may be dropped®. A completely digital 
control system (class ZPD, or IP respectively) is most appro¬ 
priate, especially for all problems involving considerable dy¬ 
namical difficulties such as a fast regulation of large moments of 
inertia. 

Digital Measuring and Control Systems 

Digital revolving speed control is based on quantized measur¬ 
ing of a value as it can be represented by a sequence of pulses 
from a pulse generator (transmitter, transducer, sensing element) 
seated on the shaft to be controlled. The different values of the 
regulator output, the integral, differential, and the proportional 
parts, can either be obtained directly from the measuring vari¬ 
ables or by subsequent analogue computations. 

The most elementary device measures the natural value, that 
means the actual number of revolutions itself [see Figure d(fl)], 
as it would otherwise be achieved by means of the tachometer 
voltage. Besides the revolving speed itself, the ratio of two 
speeds or the ratio to a directing quantity such as a master 
frequency has to be determined in many cases®. 

The basic arrangement (Figure 5) is composed of two count¬ 
ers and one gate, where even one counter can be spared by a 
suitable choice of frequency. The two frequencies and/a can 
either be measuring variables or constants by turns. Even a 
comparison quantity can be used for and, in certain cases, 
also for yi, mstead of constant values. Since the number of 
revolutions can easily be converted into frequencies by means 
of a pulse generator (transmitter, sensing element, etc.), they 
can be measured correspondingly. Figure 6 gives a summary of 
the most important digital principles of measuring rotary 
speed. 

The / part can be evaluated in the analogue way from the 
P value of the regulation difference which is drawn from the 



Figure 5. Basic principle of measuring frequencies and their ratio by 
two counters 
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d-a-converter (weighting resistances)^ The / part may also be 
calculated by digital means. 

A dirert measurement and control of the / part of speeds, 
i.e. a position control, has been realized in p rinting register 
conttol systems^. The pulse-phase method® is obtained by ex¬ 
tension and the introduction of bi-directional counters The 
prescribed frequency drives the differaitial counter forward 
the act^ frequency takes it backwards. With such an arrange^ 
ment difficulties arise, caused by the necessity for the utmost 
sensitive adjustment of the prescribed value, which should. 
If po^ible always be carried out proportionately, for instance, 
smply by multiplying the frequency with an adjustable factor. 
Figure 8 shows a suitable multiplier for prescribed frequencies* 
A sin^ effect can be attained by a different method, in 
accordance with Jones®. 

The D part can also be determined digitally. In digital rotary 
speed-measuring sj^tems the differential quotient can be ob¬ 
tained only as a difference value of two subsequent measure¬ 
ments. Thereby the latest measured value is always compared 


with the previous one in the memory before the transformation 
is carried out (Figure 7). 

This summary deduces that the pulse method involving a 
directing frequency together with prescribed frequency multi¬ 
pliers has an especially simple construction even in the case of 
an intricate multi-motor system. The drawback of this method 
is that it gives only the integral value of the regulation difference 
with digital accuracy, whilst the P and i) values must be found 
by analogue means. These drawbacks have been commented 
upon in the first examples of control systems (see Figure 6). 

As a consequence of the irregular distance of prescribed 
value pulses (see Figure 8) a digital measuring of the F part 
can also be performed with the aid of extensive additional 
tectoical expenditure and only in the case of long measuring 
periods. For control dynamics its gain would be low because of 
the inherent dead time. A J) part is certainly not evaluated by 
means of this sequ^ce of pulses in prescribed frequency with 
any satisfactory accuracy. 

All that is actually needed to figure out the difference of two 


Figure 6. The most important 
digital measuring methods for 
speeds and speed ratios, and 
their application for digital 
controllers 


Type of circuit 

Input frequency 
Input frequency fi 
Formula (z^ result obtained in 
Counter Z) 

Favourabiefor making the following 

measurements 

Set point adfustment of 

Set point adiustment of speed 

Dependence of controller action 

Advantages 

Especially suitable for 

Disadvantages 

notes 


Type of circuit 
Input frequency fx 
Input frequency fx 
Formula (z^ result obtained in 
Counter Z) 

Favourabiefor making the following 
Measurements 


Dependence of controller tuition 
Advantages 


especially suitable for 


notes 



counter with fixed counting time^ frequency 
measurement (events per unit time) 
measured variable 
fixed 

“ A * Zilfi ^ n^qx' rg/A 



time measurement of periods . (time) 

multiplicator) 

“/»//* ^fifnz*qa 


high speeds 

counter Zx 

F and I proportional 

a absolute 

easy to adapt 

armature voltage controls 

pulse transmitter, multiple-point, freqttency 

limit of counter cannot be utilized 



ratio measurement 
(higher) measured variable 
(lower) measured variable 
“A/A “ nx • q\ln% • q^ 


low speeds 
counter Zx 

inversely proportional 

Z calculated Integral value praparlhnal 

speed control in field 

disadvantage 2 can be avoided by eqiplying frequency multiplier for fx 



measurement of relative speed deviation (combined method) 
fixed (if necessary, adjustable for interpolation) 
measured variable, adjustable number of periods 

Zx9 — Zx ^ d ^ d'fx'tnx 


speed ratios 
counter Zx 

proportional to ratio (nxM 

digital / part proportional, P proportional to ratio 

easy ratio measurement, little costs 


wntrol deviaHon and malogically calculated integrals suitable for fie 
T w/cwtoerf integral suitable for armature contnS 

i. me^uring time inversely proportional to A 

bemilizeT*^^^^^'^* frequency limit of counter conn 

A may also be introduceddirectlyas master frequency (multi-motor drivt 


high accuracy for relative deviations 
Zg (total) speed n, Zx ratio 
Zg proportional (n) Zx proportional njuz 
P and I proportional to ratio 

measuring time almost constant, frequency limit can be utilized, 
easy to adapt 

multi-motor drives, with control over field excitation 
higher costs 


with auxiliary device for single drives with fine adjustment 


660 








ADVANTAGES AND POSSIBILITIES OF DIGITAL SPEED CONTROL 


Digital difference 

Rate action 
portion 

variant 

,Proportional 
portion 



ointegral 
_ _ _ portion 

Integral storage Ss.for 
special cases only 

'--ointegral 

portion 

Figure?, Digital evaluation of the integral portion (bottom) and 
digital (1st variant) and analogue (2nd variant) evaluation of the rate 
action portion; control by the side-way counter 


measurements is a rough approximation to an exact prescribed 
value. The interval between two actual value pulses, which in 
general do not differ in shape, is measured by a known constant 
frequency (for example 1 Mc/sec). Certainly any changes of 
the prescribed value would make this device work incorrectly. 
Any such deviations can, however, be registered beforehand, so 
their detrimental influences can be cancelled by analogue addi¬ 
tions. Besides the D part the P value is absolutely necessary for 
manipulation; it can simply be obtained with satisfactory ac¬ 
curacy by an integration of the D part. 

The upper limit of accuracy is predetermined by the limiting 
frequency of the measuring device. The basic law of digital 
measuring and control of revolving speed is 


By this equation the sensitivity for measuring and setting oc of the 
P part is combined with the measuring time and the limiting 
frequency fg of the device. In transistorized counters/^=1 Mc/sec 
can easily be realized. On the other hand, the devices a and c 
in Figure 6 must be supplied with this high frequency directly 
by the measuring transducer. The limiting frequency of germa¬ 
nium diodes is about 50kc/sec. Special silicon diodes can be 
used up to the Mc/sec range. In coimection with other 
measuring set-ups (b and d) the pulse frequency of the pulse 
generator is considerably lower. Therefore a well-defined point 
on the slope of the pulse curve must be able to be reproduced 
(see also Figure IS). 

It may be desired to detect changes of a variable which 
are larger than in accordance with the above tolerance oc for 
measuring and setting in less time, i.e. with a shorter T^. In 
case each pulse of the measuring frequency is analysed the 
measuring time of the P part can be reduced. The measured 
value then varies between two figures, whilst the average of m 
measuring times is to be measured with m times the accuracy: 

Thereby the adjustment of the prescribed values becomes 
coarse. The desired partitioning of adjusting the prescribed value 
then is obtained by a continuous switch-over between two values 
in a similar way as proceeded in connection with the frequency 
multiplier in Figure 8, 

The smallest attainable measuring unit for the revolving 
speed (P value) is a = 1/4 • l/T^, The smallest unit for ac¬ 
celeration (differential quotient) P' is: 

+«)-Xi]/7;=a/T„=l/(4- 

During the time Ta the speed of an uncontrolled driving system 
can drop from its rated value to zero in case of a rated load 
(torque) impact being applied. At sudden load impacts con¬ 
trolled driving systems have the same initial slope of speed loss 
response. Therefore the smallest measurable unit (the sensitivity 
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Figure 9. Fesponse characteristic of counting measuring section 


of muring the accuracy) ^ of the i) value should be related 
to this slope (1/ro) and hence be made imdimensional: 

Owing to the inheroit limit of accuracgr in digital measurement 
uie me^ured speed value is able to vary for one unit , Accord¬ 
ingly, the sign of the 2) part changes frequently. Therefore it 
seems to be reasonable to drop the amount of ± unit in the 
D part. 

Both the D and the Pparts are responsible for the observance 
ot the tolerances in certain short periods (dynamical). The long- 
toe accuracy and the reproducibility depend only on the I part. 
On the other hand, the total accuracy depends on the hawy 
quartz frequency, provided that the / part is formed by digital 
meam. The tolerances (e.g. 10-») are smaUer by powers often 
than IS usuaUy required in control systems. A possible remaining 
positionmg error can be eliminated by a subsequent second 
mtegration (see lower portion of Figure 13). 

It is always presumed there that during the step by step 
m^urement [for example according to Figure 5(a>-(<0] aart, 
pulse* IS used (see Figure 7) and that the integral counter does 
not reach a limit due to interfering influences. If exactness of 
posihon is required, the counter should be dimensioned accord¬ 
ingly . With regard to the long-time constancy the I part could 
be slower. There is, however, a limit where the transioit func- 
tion mags too much. An analogue integration must then be 
^ded m order to transform the /part into the necessary amount. 
TOe re^t is a dow correction of the set point by digital means. 
In such cases it is frequently expedient to perform an inte¬ 
gration by a precision motor with a gear-coupled correcting 
potoitiometer in the circuit of the prescribed value. 

Checking of Digital Speed Control Systems by Analogue 
Computens 

For programming an analogue computer, the time behaviour 

of the counter must be known. The frequency response curve 


can be plotted by the average output value x^, and the measuring 
toe according to the following scheme (see Figure 9, left 
side). Since the average ^ depends on the initial phaa-^ posi¬ 
tion ft) • to of the measuring time, the average value Xom of all 
l^ssible ph^ variations is calculated for general considerations. 
The variation of amplitude in time is then described by the 
following double integral: 




r (Dfamax re 
t J (Ota min J (0 


smcot'do)t*do)ta 



sm((oTJ2) 

<oTJ2 


■rae average phase response corresponds to that of a dea d 
toe circuit with a dead time equal to the measuring Hma 
(see Figure 9). This only applies, however, in the case which 
uses either a counter with transfer to a memory, or two counters 
by turns. If two measuring devices are used, overlapping each 
other with a period T^12, the dead time average will only be 
i • n measuring devices accordingly have a dead Hm«» of 
(l + l/n)-TJ2. 

Ih order to reproduce a counting device by means of the 
analogue computer, because of the decrease of amplitude with 
firequracy, instead of the usual Pad^ networks with all-pass 
characteristies“ time-lag circuits or simulating circuits are used 
(see Figure IG). 

The input of values into a counter can be compwed with an 
mtegration (first integrator). The integrators 1 to 4 are subject 
to a cyclic substitution by a step by step system. The second 
mtegrator serves as a memory for the P part. The D part is 
computed by means of the second memory (third mtegrator) 
according to Figure 7, second variant, as diflferftnrA D = D'—D". 

The 1 part of the dififer^ce of regulation can be computed 
by analogue integration of the P value. Figure 10 shows a repro¬ 
duction of the digital circuit shown at the bottom of Figure 7. 
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Integral 

portion 


Storage for integral 
portion 1 




Irrtroduction 

Storage 1 

O—[^>—^ 

storage 2 


Storage for .integral 
portion 2 


-o 


.P+D 






s-D 


Delete 



Step switch 


O > o 

Integrator Amplifier Potentio¬ 
meter 


Figure 10. Simulation of a digital controller with proportional plus 
integral plus rate action on an analogue computer (see also Figure 7, 
rate action portion^ 2nd variant) 


Motor 



Simulation of rectifierOt) Digital controller with 
by analogue computer proportional plus integral 
rale action for ci> 


Figure 11. Block diagram of a d.c. shunt motor with constant field 
excitation and rectifier supply of the armature circuit with a digital 
controller with proportional plus integral plus rate action for speed 
control (p>) 


The two integral memories follow the real I part by turns. In 
between they keep a constant value for evaluating over one 
measuring period T^. 

The block diagrams for analogue computers of two different 
digital drive control systems, are shown in Figures 4 and 11. 
Figure 13 shows the step response function of a control system 
according to Figure 4^ together with curves representing the 
armature current and the rectifier voltage. 

The real digital regulator can be examined by a precise 
voltage-frequency converter in series connection [see Fritzsche^ 
{Figure 75)], together with the system simulated in the analogue 
computer. 

Error Compensation of Pulse Generators 

For scanning of rotations both optical and magnetic pulse 
generators (transmitters) are used^*. They can be produced with 


an accuracy of pitch that is much superior to that obtainable 
from the accuracy of voltage with noise suppression in connec¬ 
tion with tachogenerators. The relatively small inertia inherent 
in such a pulse generator considerably eases the solution of the 
problem of coupling. 

The following deals with the compensation of the remaining 
faults. Figure 16 shows a four-part pulse transmitter. The differ¬ 
ent distances of the pulses 2 i,..., Z 4 are measured after the 
mounting of the device and regarded as a correction of pre¬ 
scribed values. The input can be carried out by a pre-selection 
on the side-channel coimter {Figure 7) without impeding the 
usual adjustment of the prescribed value at Z^. The determina¬ 
tion of fault compensations can be performed by statistical 
methods also during the operation cycle. Thus a self-optimiza¬ 
tion is perfonnable with a tolerable expenditure. This method 
applies only to discs bearing a small number of marks. 



Figure 12. Frequency response of digital controller with proportional plus integral plus rate action (symmetrical optimum value) 
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Figure 13. Time behaviour of the control circuit according to Figure 4 
at a sudden load increase (1/10 of nominal torque) calculated by an 
analogue computer. Lower curves with second integration; revolving 
speed [curve without sign); Ua' rectifier voltage (armature voltage); 

Ia: armature current 

By a harmonic synthesis a planned error compensation is 
possible even for discs bearing many marks. Figure 17 shows a 
suitable disc. The outer circle of marks is divided proportionately 
and gives the usual measuring pulses. The inner circle with half 
the perhneter has a sine partition and is scanned by four pulse 
transmtters dephased against one another by 90 degrees, which 
permit counters to analyse all four components as a sum of in¬ 
crement pulses. Thus the + sin and i cos parts are evaluated 
to be us^ for compensating the measuring errors. If necessary, 
sine partitions of a higher degree of order can be provided. An 
automatic correction, that is a self-optimization, is possible in 
this case, too. 

Economical limits of the Application of Digital P and D Parts 

The economical limit of digital IP and IPD control systems 
is where disturbances frequently cause regulation differences of 


an amount which is larger than the average errors of less ex¬ 
pensive analogue regulators. It may be important for the periods 
in which the regulation process is not disturbed to keep the long¬ 
term errors small by digital I parts or corrections of the pre¬ 
scribed value. 

In control systems where the allowable tolerance of less 
than 2 parts per thousand prevails, the harmonics of the 
tachometer will influence the dynamics decisively. If the dis¬ 
turbances cause transient regulation differences of more than 
5 parts per thousand the limit of the economical application of 
I and D parts has been positively passed over. The excessive 
amplitudes in case of load disturbances of the mentioned drives 
are approximated and compared with the limit of 0-5 per cent. 

Figure 4 shows the structure of a d. c. shunt motor with 
armature voltage control by a six pulse rectifier, whilst the 
armature current is controlled by its own analogue P/controller. 
For the usual values the first zero variance time t^n in mani¬ 
pulating the current is five times the mean time delay of the 
rectifier (tan ^ 5 T^. The revolving speed control circuit con¬ 
sists of the integrating element G with the integrating time Ta 
and a dead time which is in its turn composed of the measuring 
time of the digital regulator and the time required for first 
zero variance of the inner current control circuit. The optimumP 
amplification Vr of the controller is then: 

F^=T,/2(f,„+7;) = T,/(10 T,-|-2 TJ 

= XMn\ Mn = rated torque of the motor. 

A load disturbance with a moment of disturbance has 
the effect XjVR. According to the above-made assumption this 
value shall not exceed 0*5 per cent: 

200A^7;/(10f,-l-2 7;„) 

An example, deliberately chosen as unfavourable, is: 

Pa = 500 msec; P* = 1-67 msec; = 10 msec. 

200 A=500/(16*7+20) = 13*6= 1^=7*8 percent 


Figure 14. Installation for digital speed control systems (combined method) with 50 kW motors and a mb point pulse transmitter 
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Hence the ratio moment of disturbance to rated torque is 
7-8 per cent. With this disturbance ratio the temporary speed 
loss becomes 0*5 per cent. In case it is below 7*8 per cent, a 
control with digital P and I parts is expedient. 

For the digital IPD controller in Figure 11 with a frequency 
characteristic as, for example, represented in Figure 12 accord¬ 
ing to the symmetrical optimum^®, with the electromechanical 



(run-up) time constant Tm > AT a (armature time constant) Fs 
valid: 




HT.+T„r 


T^>4{T,+TJ 


In this case it still has to be taken into account that the 
disturbance moment will influence the speed on behalf of the 
armature voltage control only in the ratio s (voltage drop at the 
armature at rated load to rated voltage): 


200Agjys 


200Afi= 


TmTj. 

8(T,H-TJ^ 


Outlook 

It can finally be said that an essential dynamical improve¬ 
ment is made possible by digital control systems. Further effects 
can probably be achieved by systems which are described by 
difference equations^®* Their application to digital revolving 
speed control is especially suitable since the necessary scanning 
is inherently made. 

The further development of this trend of ideas is promising 
for the future. 


Figure 15*. Top: voltage curve of a magnetical pulse transmitter; 
bottom: differentiated voltage 



6 

Figure 16. Pulse transmitter, correction of the distances by a 

suitable set point input 



Figure 17. Pulse transmitter disc with correction values rh sin and ± cos 
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DISCUSSION 

W. Leonhard, Siemens-Schuckertwerke, Erlangen, Scharowskystr,, 

Germany 


I^ofessor Fritzsche’s paper is very interesting. I agree with him that 
digital speed control is a valuable tool for precision drives as required, 
for example, on continuous production lines. There may be some 
difference of opinion in that Professor Fritzsche proposes for certain 
drives a digital IPD regulator, whereas I believe that a digital / loop, 
as a supplement of an analogue regulator, is always satisfactory and 
much more advantageous. The reasons are as follows: 

(1) According to our observations, the response of practical speed 
control loops is normally not limited by the tachometer. A good d.c. 
tachometer, properly mounted, will not produce low-frequency har¬ 
monics to an objectionable degree. The limitation arises normally 
with the load. Measuremente on a large paper mill have shown that the 
large inertia load, the resiliency of the gears and motor coupling, and 
the beat frequencies of the gears can combine to produce very low 
frequency speed fluctuations far in excess of the harmonics of the 
tachometer. 

(2) The rise time of a speed control loop for a high inertia load, 
such as on paper mills, using a Ward-Leonard drive system lies in the 
order of several hundred msec. Such a system responds, therefore, too 
slowly to be affected to any degree by small electrical harmonics from 



Figure A 


the tachometer (e.g. 25 c/sec at 1,500 rev/min). In comparison, the 
mechanical disturbances are of much lower frequency. They restrict 
the design of the regulator seriously since they could be amplified by 
the speed control loop. 

(3) It follows, in our opinion, that no dynamic advantage can be 
gained by computing the P or 2) term of the controller by digital 
means. With respect to dynamics and short-term accuracy, a normal 
inexpensive analogue IPD controller is fully satisfactory. All that may 

be needed is a relatively slow/term to correct the drift of the analogue 
regulator and to obtain average angular synchronism with the reference 
frequency. 

Ah additional advantage is that no high-frequency transducer and 
circuitry are necessary: 10 kc/sec has proved adequate so far. Some¬ 
times the speed pulses can even be drawn from an a.c. tachometer used 
for the analogue loop. Digital control using a correcting / loop can 
be superimposed on an existing analogue speed loop at a later date if 
this proves to be necessary. 

W. Fritzsche, in reply 

I agree with Dr. Leonhard about gears. It is difficult to find good 
mechanical transmitting systems, therefore in many cases digital I 
controllers are completely sufficient, or only an integral-correction of 



Figure B 
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the set-point is necessary. Nevertheless, in my opinion, there are cases 
which require a fully digital P/controller. If the structure of the control 
loop requires it a digital IPD controller is to be preferred. I would 
point out Figures A and B as good examples of testing places, which 
are direct coupled, one of them with a slowly turning motor figure B, 

Generally it is easier and cheaper to build good symmetrical pulse- 
discs than tachogenerators. 



Figure D 


An interesting example is the application of the system referred 
to in my paper for flow control of liquids; for instance, in-line blend¬ 
ing of gasoline (see Figure C), Here the flow meter MM drives the 
pulse transmitter G. The set-point of the controller IP is given by 
means of frequency multiplier M which gives the percentage of each 
component««introduced by hand H or punched cards L, The flow of 
the mixture is controlled by the master frequency/? set by the potentio¬ 
meter S, 

Figure D shows the installation for in-line blending type AEG- 
Blendomat of 12 components for gasoline in one of the reflneries 
equipped with this system. This has been in service for over a year 
without any difficulties. 


S. DoMANirsKY, Institute of Automatics and Telemechanics, Kalan- 
chevskaja 15, Moscow, U.SS.R, 

(1) How can you adjust the PID controller settings? What are the 
ranges for the adjustment of the proportional, the automatic reset, 
and rate coefficients? 

(2) Are the control laws of your digital controller other than PI 
andP/D? 

(3) Could you give a detailed explanation concerning the elimina¬ 
tion of the static error by means of a sinusoidally divided disc as 
mentioned under theheading‘Error compensation of pulse generators* ? 


W. Fritzsche, in reply 

(1) The PID controller settings can be made by: 

(a) Analogue means, for example after the digital-analogue con¬ 
verter in the feedback of the amplifier in a range from 0*5-2‘0 mA. 

(b) Shifting the converting resistors on the row of flip-flops of the 
register. 

(c) Digital dividers or frequency multipliers (Figure 8) before the 
registers. 

(2) Other control laws have not yet been used but it would seem 
to be an area for experiment. 


(3) More details to eliminate the error of the pulse transmitter can 
be found in my longer paper in Regehuigstechnik, November 1963. 

L A. DE ScHAMPHELAERE. Dv Buvhtlaan, 26, Edegem, Belgium 

In his very interesting paper, Professor Fritzsche defends the use of 
digital techniques as a means of improving not only the static, but also 
the dynamic characteristics of speed control systems. However, as 
Dr Leonhard has already remarked, the imperfections of the gearing 
are* very often the cause of speed modulations of the load. These speed 
modulations may be of a relatively high frequency (several c/scc). 
Even the best digital (or analogue) control system docs not help very 
much in this case. 

In his answer to Dr. Leonhard's remarks, Professor Fritzsche indi¬ 
cated the use of slowly turning d.c. motors, which should need only 
a little speed reduction, or none at all, as a po.ssible solution to the 
problem. 

In connection with this, I would ask Professor Fritzsche if he has 
had any experience with a new type of d.c. motor which has a printed 
circuit disc as the rotor. This type of motor has been described by 
J. Henry-Baudot in the French review ^VAutomatisme’' (March 1959 
and September 1960), and also by J. Henry-Buiidot and R. P. Burr 
at the A.LE.E., General Meeting, Winter 1959. 

These motors arc now commercially available with power ratings 
ranging from 10 W to about 2 kW. 

According to the specificulions of the manufacturers these motors 
should be able to turn very smoothly (without any speed niodiilalion) 
at speeds down to 1 rev/min. This is impo.ssiblc with ordinary d.c. 
motors, because of the so-calicd ‘cogging’ clTccl. 

Other interesting features of this type of motor, which can contri¬ 
bute considerably to the quality of the speed control system in which 
it is used, are: the very low inductance of the rotor windings, the very 
low moment of inertia of the rotor and the linear voltage speed and 
torque speed relationship. 


W. Fritzsche, in reply 

The type of motor with printed circuit rotor has some of the advantages 
of the printed pulse discs dc.scribcd in this paper, namely, case of con¬ 
struction and symmetry. I should like to add, however, that a digitally 
controlled normal 4 kW motor installed by the AEG in Berlin works 
very satisfactorily over the .speed range 10^4,000 rev/min. 


W. H. P. Leslie, National Engineering Laboratoty, East Kilbride, Glas* 
gow, Scotland 

The author states that the method of frequency multiplication shown 
in Figure 5, and widely known, has the disadvantage of giving irregular 
spacing which makes diiTerentiation of error useless. 
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counter 


-^Output fo 
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Oscillator with 
^o-V 


Figure A 


method of precision digital speed control described by 
Leslie at the first l.F.A.C. conference we have applied a digital fre- 
queMy multiplier giving regular spacing of pulses. We use an oscilla- 
pr. Figure A, whose frequency can be varied by applied control voltage 
o generate a frequency /q t---. A/c/sec. This signal is then divided by 
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any preset integer N to yield a frequency f c/sec. The frequency f is 
compared with the input signal/; in a bidirectional differential counter*, 
and the error signal used to cause the voltage controlled oscillator 
frequency/o to be varied so that/is locked in frequency and phase to 
the input signal /;. Since / is derived by counting from /© we have 
/o “ Hfii with phase locking. We have also applied this technique to 
the precision testing of gear wheels® with errors of the order of 2 sec 
of arc regardless of gear ratio, and we are evolving error corrected 
gear-cutting machines based on the same principles. 

References 

^ Leslie, W. H. P. Precision dynamometer speed control. Proc, 1st 
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* Nairn, D. and Lesue, W. H. P. A transistorized differential count¬ 
er. Electron. Engng, 

® Lesue, W. H. P. Widening the application of radial gratings. Int. 
J. Machine Tool Res. and Design, April (1963) 

W. Fritzsche, in reply 

I thank Mr. Leslie for his remark, which describes another application 
of digital speed control for testing equipment. 

The method of changing the set frequency is also mentioned in an¬ 
other work, Reference 7 of the paper. The method uses a whole 
separate digital frequency control, so the arrangement becomes very 
expensive. 


668 



Digital Controllers 

T.M. ALEKSANDRIDI, S. N. DILIGENSKY and H. K. KRUG 


Summary 

The paper discusses the design concepts of controllers built of com¬ 
puter elements. These controllers can provide for better performance 
than analogue ones (particularly with regard to control accuracy). 
It is intended to use digital controllers in systems with frequency 
sensors or in the systems where controlled variables are measured at 
discrete moments of time (size measurements, weighing, determining 
the results of chemical analysis, etc.). 

Structures for two types of digital PI controllers are given. The 
effect on the performance of controllers, of time and amplitude 
sampling peculiar to all the digital systems is analysed. 

The principle of operation of single and multi-channel digital 
PI controllers is described. The single-channel controller is designed 
for operation with a stepping-type motor or a constant rate servo unit. 
The multi-channel digital controller is incorporated into the cen¬ 
tralized control system giving the output of d.c. signals in each of 
eight channels. 

In both types of digital controllers provision is made for changing 
the adjustment parameters within a wide range (the adjustments in 
multi-channel controllers are independent for each of eight channels). 

Sommaire 

Ce rapport traite les conceptions des r^gulateurs num6riques ayant 
une pr^ision supdrieure aux r6gulateurs analogiques, notamment 
dans les syst^mes avec d^tecteurs de fr^uence, ou dans ceux oh les 
mesures sont effectudes d’une fagon discontinue (mesures de dimen¬ 
sions, pes6es, analyses chimiques, etc.). 

On ddcrit les structures de deux types de regulateurs num&iques 
k effets proportionnel et int6gral (PI), On analyse I’influence de la 
quantification due k T^chantillonage sur la performance de ces 
616ments. 

On d^rit le principe de fonctionnement des regulateurs numeri- 
ques PIk mono- et k multi-canaux. Letype«mono-canal»fonctionne 
avec un moteur pas-^-pas ou un «servomecanisme k action tachy- 
metrique constante». Le type «multicanal» est incorpore dans un 
ensemble donnant des signaux de sortie k c.c. dans chacun des huit 
canaux. 

Dans chacun des deux types, les parametres sont ajustables 
ind6pendamment dans une gamme 6tendue. 



Der Aufsatz bespricht die Bauprinzipien von Reglem aus Rechner- 
elementen. Derartige digitale Regler sind besonders im Hinblick auf 
die Regelgenauigkeit leistungsfahiger als analoge. £s ist beabsichtigt 
diese Regler in Systeme einzusetzen, bei denen die RegelgrdBe als 
Frequenz oder in diskreten ZeitabstSnden abgetastet vorliegt (z.B. 
Abmessung, Gewicht, Bestimmung der chemischen Zusammen- 
setzung usw.). 

Der Aufbau zweier Arten von digitalen jP/-Rcglem ist angegeben. 
Es wird gezeigt, wie sich die Zeit- und Amplitudenquantisierung, die 
alien digitalen Systemen eigen ist, auf das Verhalten der Regler 
auswirkt. 

Die Arbeitsweise von ein- und mehrkanaligen digitalen P/-Regjem 
wird beschrieben. Der einkanaJige Regler eignet sich fdr den Betrieb 
mit einem Schrittmotor Oder fiir einen Stellantrieb mit konstanter 
Geschwindigkeit. Der mehrkanalige digitale Regler ist mit dem 


zentralen Regelsystem verbunden; bei den AusgangsgrbBen jeder der 
acht Kan^e des Reglers handelt es sich um Gleichspannungssignale. 

Bei beiden digitalen Reglern sind die Parameter in weiten Grenzen 
einstellbar; die Einstellungen beim mehrkanaligen Regler erfolgen fur 
die acht Kan^e unabhdngig. 


Introduction 

Many new problems are now arising in the automation of 
many technological processes: increasing the accuracy with 
which preset conditions are maintained, the need for simul¬ 
taneous observation and control of a large number of parameters 
characterizing the state of one plant, and so on. There are also 
additional difficulties bound up with the specific features of 
technological processes. Thus, information on the state of 
certain parameters can be obtained only at discrete moments 
of time (for example, when working with complex metering 
devices, when the value of the controlled variable is established 
on the basis of chemical analysis). 

It is only possible to increase the accuracy of control of any 
magnitude if use is made of transducers having a sufficiently 
small inherent error. Digital sensors appeared to offer a 
great deal in this respect (these are transducers which convert a 
non-electrical magnitude into an electrical one in digital form). 
For example, the accuracy of operation of digital speed 
transducers is 0"1-0*01 per cent and higher. 

Centralized-control machines are used for simultaneous 
monitoring of a large number of parameters. These machines 
have facilities for indication and recording should the controlled 
magnitude deviate from that specified. In these systems the 
simplest control laws (for example, two-position) are some¬ 
times reproduced. The use of such laws cannot provide high 
control accuracy. 

The application of conventional proportional-integral con¬ 
trollers, combined with centralized-control machines, and also 
in other systems, in which measurement of the control variable 
is effected at discrete moments of time, requires special storage 
units. It is difficult to realize these units on the basis of analogue 
equipment. 

The problems listed above are easily solved by going over to 
digital controllers. In digital controllers, the preset control law is 
produced in a digital form. These controllers can operate with 
digital sensors or with analogue-digital converters (such convert¬ 
ers are used in centralized-control machines). The output signal 
from the digital controllers is converted into analogue form. 

The improvement of step motors opens up particular 
prospects for the use of digital controllers. When step motors 
and digital sensors are used, a purely digital control system can 
be built. 

A theoretical study of discrete control systems was described 
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by Tsypkin^. The first digital controllers were developed for 
controlling the speed of electric rnotors^"^. 

Today, apart from specialized digital controllers, there is a 
need to develop unified digital controllers*; it is possible to 
construct these on the basis of an analysis of the dynamic 
characteristics of digital controDers. 

For unified digital controllers, a proportional-integral mode 
of control is adopted. As research has shown®, PI controllers 
provide high-quality control for many plants. Unified digital 
P/controUers can be bufit either in the form of a single-channel 
system, designed to control one magnitude, or in the form of a 
multi-channel controUing several magnitudes at the time. 
It is expedient to combine multi-channel digital P/controllers 
with centralized control machine s, 

Single-channel and multi-channel digital PI controllers can 
be built in accordance with two structural schemes. In con- 
tooUers with the first typo of structure the integration operation 
is effected with the aid of an integrator; the signal from the 
integrator, which is added to a signal proportional to the 
devktion, is sent to a proportional actuator. In a controller 
having a structure of the second type, the actuator is an inte- 
gratmg element, on the input of which are added signals pro¬ 
portion to the deviation and to the derivative of the deviation. 

This paper considers certain features of the dyn am ic prop¬ 
erties of digital PI controUers, and describes the operating 
principle of single-channel and multi-channel digital controllers. 

Dynamic Properties of the Digital PI Ccmtroller 

The proportional-integral law of control in continuous form 
is usually written as follows: 

( 1 ) 

where is a continuous function corresponding to the 
output signal, and jc (/) is a continuous function corresponding 
to the input signal. 

A continuous PI controller has two setting parameters: the 
proportionality coefficient and the integration time con¬ 
stant Ti. In unified PI controllers it is necessary that these 
parameters can be changed within the limits: 0*2 < JC < 50 
and 10 sec <Ti< 3,000 sec. 

It should be noted that in practice the tuning parameter 
variation ranges in analogue controllers are limited: the 
maximum value of the integration time constant = 1 600 to 
2,000 sec. 

The proportional-integral control law in discrete form is 
written as follows: 

A«(0=ifix[nr]+jR:2 i Jc[iT] (2) 

when nT<t<(n + 1) T\ x [nT] is a lattice function, correspond- 
mg to the input signal (deviation at moment of time t = nT)\ 

Ki and K 2 are constant coefficients; Tis the sampling period! 

The discrete PI controller has three setting parameters: the 
proportionality coefficient integration time constant = 
(Kj/K 2 ) T and sampling period T, 

* Unified controllers reproduce typical control laws (e,g., pro¬ 
portional-integral) and have a wide range of variation of the tuning 
parametera. Therefore, they can be used for controlling various 
technological processes. 


Figure I contains graphs which explain the nature of the 
change of with stepwise and sinusoidal input signals 
X (0. It can be seen from this figure that the T/ of a discrete 
controller, like the Ti of a continuous controller, is determined 
by the doubling time.- In unified discrete PI controllers the 
limits of variation of and {KJK^ T must be the same as the 
limits of variation of Kj, and 7;% 

Two standard structural schemes for discrete PI controllers 
are given in Figure 2, The discrete P/controller of the first type 



Figure 1. Performance of stepped and sinusoidal input signal by con¬ 
tinuous and discrete PI controller 




(b) 

Figure 2, Block diagram of discrete PI controllers of first catd second 

types 

[Figure 2(a)} consists of a converter of x (t)’-^ x [nT\ (L\ 
multiplication unit (K^\ multiplication unit (JQ, a discrete 
mtegrator (DI)^ an adder (Z) and a converter of pt [nT]-^p (/) 
which must at the same time serve as a storage unit. 

The discrete PI controller of the second type [Figure 2 (6)] 
consists of a converter of x(t)-->x [nT], a discrete differentiator 
(D^), niultiplic^tion unit (K^, multiplication unit (JQ, an adder 
^a discrete integrator (i)7), and a converter of pt [nT]-^pt (0* 
(m a number of cases, one unit performs the functions of the 
converter and integrator.) 

It is convenient to compare the dynamic characteristics of 
the discrete PI controller with those of a continuous PI con¬ 
troller, by sending to the inputs of both controllers a sinusoidal 
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signal x(t)=£ sin Qt (B is the amplitude and Q the pulsation). 
Ih this case the output signal from the continuous and discrete 
P/controllers equal, respectively: 

p(0=-4sin(fit—a) 

P(0=/(0 

The expressions of the frequency characteristics of the first 
harmonic of the function/(/) of proportional and proportional- 
integral discrete controllers have the form: 


_,ar 

(3) 

~Y' 
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QT 


<Opj(jQ)=Ki~ 
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Figure 3 shows the frequency characteristics of discrete and 
continuous (broken line) F and PI controllers. It can be seen 
from Figure 3 that the controller frequency characteristics 


differ by no more than 5 per cent in modulus and 5° in phase 
when the condition DT< 0-2 is satisfied. This means that in 
practice systems with discrete-acting PI controllers can be viewed 
as continuous, if the time of the cycle T is less than 0*1 Ti 
(T < 0‘1 7;), i.e., when the maximum frequency of the input 
signal does not exceed the value fimax 7^ < 2 - 3 (which 
is usually the case in systems with PI controllers). 

In real systems with digital controllers the maximum input- 
signal frequency is limited by the parameters of the analogue- 
digital converters (conversion time Zs) and the inertia of the 
actuators (r^^). Studies have shown that in practice the equations 
of real digital controllers correspond to eqn (2), if there are 
satisfied the conditions: 

(5) 

^max ”<0*1 (6) 

0-2Tf„<T ( 7 ) 

is the level-sampling magnitude peculiar to all digital systems. 
It is expedient to take as not less than 0-002-0*005 (relative 
to &e scale of conversion). In the process, amplitude of the 
oscillation by the presence of does not exceed a magnitude 
equal to 0*2-0*5 per cent. 

The magnitude of the minimal frequency of the input signal 
lOmin is limited for systems which use PI controllers built in 
accordance with the second type of structural scheme [Figi/re 
2 (b)]. In these controllers, the proportional component of the law 
of control is ensured on account of the production of the first 




Figure 3. Frequency characteristics of discrete and continuous P (a) and PI (b, c) controllers 
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difference Lx*[nT\ = x*\nT\ - x*i{n - 1) T]f. Setting ourselves 
the accuracy of reproduction of the constant component, e.g., 
1 per cent (Ax* = 100 pulses), when (5* = 0-002, the relation 

( 8 ) 

can be obtained, where Tmi,, is the minimum value of the cycle 
duration. 

Thus the presence of level sampling in a digital FI controller 
of the second type leads, with a pre-set minimal time Tniin, to 
the limitation of the input-signal frequency band, with which 
the constant component of the control law can be reproduced. 

Single-channel Distal PI Controller 



Figure 4. Block diagram of single-channel digital PI controller 


The smgle-channel digital PI controller (SDC controller) 
IS built with a structure of the second type*. It consists of a 
tune-pulse converter, a digital control element and an actuator 
(when working with digital sensors, the converter is not neces- 
saiy). The converter is used to perform comparison of the con- 
ttolled variable <p (t) with the set value (t) and to produce, at 
discrete moments of time, pulses, whose length t,, is proportional 
to the magnitude a: [nT] = [<p (t) - (p^(t)i These pulses, and 
^o signals on the sign of the deviation sgn a: [nT], are sent to 
the input of the digital control element. 

In the single-channel digital PI controUer, use can be made 
A motors and with constant-speed motors 

An SBC controUer with an actuator having a step motor is 
exanamed below. In the ^Z)C controller, the step motor serves 
snnultaneously as a digital-analogue converter. (When a con¬ 
stant-speed motor is employed, the controUer has a digital- 
analogue converter which converts the number of pulses pro¬ 
portional to the variation of the control action into the duration 

of one pulse.) 

The control law of an SDC controUer is written in the form: 

n 

(0=^3^E {^2 X [iT] (x [iT]-JC[(i-1) r])} 


n 

for Hr<t<(n-i-l)7’ ( 

TmT ^efficients characterizing the paramete 

of the differentiator and the integrating unit; is detemined 1 
the parameters of the analogue-digital converter and tl 
actuator (0-01 < Ki< 1; = l/ 2 «» m = l 2 S- IC 

dSl^ ^ w' ^ ^ bltwk ffiagram of 

The discrete differentiator (DD) consists of a reversib 
Ai (SU) and control valves (JEy. 

diviSr inte^tor (DI) consists of a reversible count* 

, ^ conttol valves (JCy, step-motor control unit (CL 

and a step motor (SM) with a reducing gear (B) CG is a cvcl* 


generator of filling pulses with frequency /q. The control unit 
(PU) operates cyclically. A cycle of operation, of duration r, 
consists of four periods. 


First period: The first pulse over the cycle from tJic cycle 
generator triggers the converter. The pulse from the converter 
opens the corresponding valve Kl^ for the period of gating 

of a:*[(« - 1)T] pulses, of frequenQ^/o, to the adding or sub¬ 
tracting bus of the reversible difference counter, depending on 
ffie sign of the mismatch sgn a: [(« - 1) T]. The pulse converter 
IS not shown in the block diagram of the DU (Figure 4). 

Second period: The pause between the moments of termina¬ 
tion of the pulse with duration t„_i and the appearance of 
The length of the pause Tj - t„_i can be changed at 
wUl by varying Tj, thus setting the necessary value of T. 


Third period: The second pulse Sg in the cycle from the 
(ycl^ulse generator once again triggers the converter, and 
X inij pulses are sent to the reversible difference counter during 
the toe T„. After this a digit proportional to Aa:** [nT] =‘x*[nT]- 

^ A ^ written in the difference counter. 

At the same time, during the third period, JS:,A:*[n71 pulses 
pass via to reversible counter-divider to to step-motor control 
tot, tod to shaft of the actuator turns through a corre- 
simndi^ angle. This operation relates to the processing of to 
mtegral component. 


coemcient of to counter-divider. 


- me lermination of to pulse with 

uniiT!'™; for tuning coefficient Kg is triggered; this 

? aI /i and/s (to ratio /g/fg = & 

f i ^^^*®””®**'®^*'®‘*“®*^®y-^-2’hepulses with frequency 
difference counter, and it is zeroed. 

moto*r^!t!r®’ frequency/a are sent to the step- 

control imt. The shaft of the actuator turns through an 

The latter opeLon 

PI controllcw^^”'****”* Proportional component of the 

cAmt?* digital control unit (DU) is built on 

to^ri’^^”" *® reversible counters, 

to pulre generators, and the Kg tuning unit are made up of 

sttodard elements m the form of a flip-flop, a toggle-si/ritch 

Du'm elements. The assemblies of the 

^erm of one block (Figure J). The power 

SS “ step-motor control unit are pu( into a self- 
contamed arrangement. 
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Figures, Control unit DU 



1 - 1 

Figure 6, Block diagram of multi-channel control system 


Multi-channel Digital PI Controller 

The multi-channel digital PI controller (MDC) is built with 
the first type of structure’. It is designed for operation in con- 
jimction with a centralized control machine. Figure d is a block 
diagram of a multi-channel control system. The system consists 
of a centralized control machine (CCM), and a multi-channel 
digital PI controller {MDC), which includes a multi-channel 
control unit (MDU), digital-analogue conversion blocks 
{CDAi-CDA{) and actuators (IMj-IMi), 

The centralized control machine {CCM) has one analogue- 
digital converter, to which are connected alternately (pf{t) 
controlled values (r = 1,2,/, Figure 6), The values of the 
deviations of the controlled magnitudes x^^lnT] and the sign of 
the deviation sgn x [nT] are computed in the CCM, To the input 
of the multi-channel control unit are sent: 

x*[nT'], sgnx,.[iiT] 

and a pulse S, corresponding to the inclusion of the rth con¬ 
trolled variable. 

In the multi-channel control element {MDU) during the 
cycle for 7* transmitted values of Xf'^lnT] there are produced 7’ 
values of fjLf*[nT] in accordance with the equation below. The 
tuning parameters for each channel are established independ¬ 
ently. The limits of variation of the parameters equal 0*5< JSri<40 
and 0*03 < jK 2 < 10 respectively. 

The digital-analogue converters are used for the conversion 
of fJtr^biT] info the analogue magnitude {t) and for retention 
of the value of {t) during the time of scanning the other 


controlled variables. The magnitude fir {t) is obtained in the 
form of one of the signals taken as standard for the control of 
analogue proportional actuators (e.g., a current of O-SmA). 
The number of digital-analogue converters and actuators equals 
the number of controlled variables (/). 

A block diagram of a MDC is shown in Figure 7. 2)/ is a 
discrete integrator, consisting of an integral reversible counter 
(/C) and a memory unit {MU)\ SU is a tuning unit, which serves 
for tuning the coefficients Kir and K^r for each channel separat¬ 
ely; AC is a reversible counter for adding the discrete values of 

the proportional Kir x*r WT] and integral K^r Yj 9^^" 

ponents. 

CU is a control unit, consisting of channel switch {CS) and 
an order unit {OU), The channel switch counts the switching 
pulses S from the CCM and issues the appropriate order pulses 
to the SU, the MU and the OU, The order unit produces order 
pulses for the performance of all the elementary operations. 
F/Sgn is a sign flip-flop, the output signal of which changes as 
sgn Xr [nT] vaiies; CD A is a digital-analogue converter. The 
complete cycle of operation of the multi-channel digital con¬ 
troller is compounded of the time of scanning all the channels. 
One {Y) interval of operation of the MDC is determined by the 
time for which the MDC system is coimected up to the rth 
channel. 

The intervals of operation of the controller begin with the 
sending to the CU from the CCM of a switching pulse which 
is the rth in order over a given nth cycle. By this process, the 
number of the next, rth process is set in the channel switch and 
there are formed the appropriate order pulses for the MU, the 
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Figure 7. Block diagram of multi-channel digital control unit 


duration of which equals the full time 

of the mterval. 

From the MU is selected the value of the integral for the 

channel Y, stored over — 1’ Q^cles—This 

v^ue is sent in parallel binary code form to the IC and AC. 
After this, mismatch pulses for the V’ channel—;i:*, [nT] arrive 



at the tuning unit (SU) of the controDer. The SU is so con¬ 
structed that for each channel the tuning coefficients K, and K. 
we set individually by hand, and upon selection of the rth 
di^el the corresponding coefficients are automatically 
switched in by means of order pulses arriving from the CU. 

reversible adding counter 
while the integral reversible counter (IQ receives 
X r luT] pulses. The sign of the mismatch is transmitted for 
confroUmg the reversible counters. After the end of the addition 
of the mismatch pulses, in the integral counter there appears 
e value of the integral for the r channel after the /ith cycle. 

K2. t 

pie integral value obtained is written in the memory unit at 
the appropriate location. In AC, after the addition of the 
msiMtch pulses, there appears the value of the control action 
for'the rth charmel in digital code: 

fCX*[nT]+K 2 , [iT] (10) 

i=l 

This v^e is transmitted by the corresponding order pulse from 
the in the form of parallel binary code to the digital- 
analogue converter (CDA) of the rth channel. 



At the converter output the corresponding value of the 
control action is established in the form of a direct current, 
which varies in the range 0-5 mA. With this the interval of 
operation of the MDC ends. Subsequently, the next switching 
pulse is sent from the CCM to the control xmit, and the digital 
controller goes on to compute the control action for the r + 1th 
channel. 

The unit for tuning the coefficients and consists of 
a common part for all 7’ channels and ‘2/’ separate networks. 
The common part of the tuning unit takes the form of additional 

columnsofcounters(/Oand(^C)andageneratoroffrequency/o. 

The tuning network for each channel has two switches, which 
ensure the selection of the necessary quantity of additional 
columns and of counters (IC) and (AC), two toggle 
switch^ and two valves. For example, the requisite value of the 
coefficient K 2 r is set with the aid of a switch which determines 
the value of and by control of the toggle switch, which 
generates a pulse of duration for each pulse x'^[nT], The pulse 
of duration opens for this time the valve, through which 
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pulses of frequency/o pass to the counter (IA). As a result, 

^x*i;nr] 


«C, 


2»>2r 

pul^ arrive at the counter (/C) during the interval. Hie 
coefficient equals 

K. _ ^2rfo 

A “«lti-channel controller is built on semiconductor 
dewces. l^e networks of the reversible counters, the control 
unit and the setting unit m-e based upon one logic element: an 

resistor logic circuits. Building 
the MDC oil the basis of one standard cell makes its circuitry 
more technologically efficient and more reliable. A matrix unit 
using TOres vMth a square hysteresis loop serves as the memory 
umt; the digital-analogue converter is based on networks of 
current switches, and the CD A is a structurally independent unit. 
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DISCUSSION 


M. Prasad, The Foxboro Company, Foxboro, Mass., U.SA. 

The authors are to be congratulated for this report on a subject which 
has^used considerable interest over the past three years. I think the 
following points need further discussion: 

(1) How is the basic sampling period chosen for a particular proc- 
^ of VMiabte^tote controlled? This period is obviously dependent 
on the dynamic characteristics of the process and would seem to be 

^ importance. Further, how are the controller constants 

(2) Do‘digiM sensors’ actually offer better accuracy than analogue 

“***°*^ examples of such digital sensors? 

(3) Was there any special reason for using the first structure (em¬ 
ploying proportional actuators) for MDC and the second structure 
(employing integrating actuators) for SCDl Is there any practical 
diflcrence m control action between the two structures? 

(4) Do the authors have any data on the reliability and costs of 
step-motor actuators ? 

(^ The SDC requires an ‘arithmetic unit’ of some kind, and it 
womd Mcm to me that the associated costs, compared to an anainp ;^ 
controller, would be prohibitive. 

X. the MDC principle have been reported on, 

both m U.S.A. and U.K. Are the authors in a position to report on 
similar applications in the U.S.S.R. ? 

P. D. McCormack, Engineering School, Trinity College, Dublin Ire¬ 
land * 

In view of the ease of communication with on- or off-line digital com¬ 
puters, the development of unified digital controllers is of great inter¬ 
est to those involved with present industrial process control problems 
It would be appreciated if the authors could expound on the foUow- 
ing three questions: 


(a) In place of the output function, eqn (2), what form would the 
error function take ? 

ib) Is extension to the derivative or rate mode (PID) possible? 
(c) With the inherent sampling period and step-type output to the 
nal control unit, will trouble due to possible resonances in the main 
system, or sub-systems, be likely? 

H. H. Ernet, Ugnes Tikpraphigues Tikphoniques, 49 rue de Botdain- 
uillkrs, Paris XV 1\ France 

to F^ce the LTT-Company has also been working in the field of 
digital control. We soon realized that digital control may open a wide 
field of new control possibilities. To achieve maximum advantages 
we develop binary digital actuators, for instance a binary digital 
valve (without converter). The PI controller is a small hybrid com- 
puter. 

The advantages obtained are as follows: 

(1) Very fast response times of the control loop, due to the advan- 
tages of sampled control. 

(2) Possibility of the introduction of other dynamics than PID and 
of non-Unear correcting functions. 

(3) The realization of self-adapting controllers becomes easy. 

With respect to the paper, can I ask: 

Whatisthethresholdsensitivityoftheplus-minusdedsiondetector? 

(Expressed ^th respect to the 100 per cent signal.) Indeed, the integral 
action could produce a remarkable output signal for a long duration 
error under the threshold level. This order would control the loop with 
a phase inversed signal and produce instability. 

1 highest possible nmnber of loops per second multi¬ 

plexed, due to computation times ? 
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PROCESS INSTRUMENTATION 


A Universal Statistical Analyser 

J. KRYZE 


In order to apply statistical theory to practice in any field of engi¬ 
neering, one must have a means of automatically computing the basic 
functions of statistical dynamics, i. e. correlation functions. 

Hence this problem is receiving close attention. Research organi¬ 
zations in various countries have worked and are still working on the 
design of apparatus for this purpose, and papers often appear in the 
journals on correlators having widely varying principles of operation. 
But only a few of these designs are suitable for any effective application 
to control problems, and many of them are no more than laboratory 
models. 

The MUSA-6 computer described in this paper represents an 
attempt to design not a laboratory model but a relatively powerful 
computer for entirely automatic recording and processing of data 
from control processes of both random and non-random nature, with 
a field of application much broader than the evaluation of correlation 
functions. As far as the author knows, it is superior in computing 
power and memory capacity to all the specialize computers of this 
type that have been described in the literature, while for accuracy it is 
comparable with the best general purpose andogue computers. 

The advanced parameters of the computer have b^n achieved 
togely through the development and refinement of signal storage and 
transformation logic, based on the well-known pulse-width modu¬ 
lation principle. 

Thus this paper is of interest from two points of view; first, for 
possible new practical applications of the theory based on more power¬ 
ful computer technology, and secondly, for the development of tech¬ 
niques of analogue data storage and processing. 

Sommaire 

Pour que la thdorie statistique puisse ^tre pratiquement appliqu6e dans 
n’importe quelle branche te^ique, il est ndcessaire d*avoir des 
appareils automatiques pour calculer les fonctions statistiques fon- 
damentales; en roccurrence, les fonctions de correlation. 

Ce probldme attire partout une grande attention. Dans des organi¬ 
sations de recherche de plusieurs pays, des travaux ont 6t6 ou sont 
encore entrepris pour d6velopper ces appareils. Dans les revues 
techniques, on voit souvent des articles ddcrivant des correiateurs de 
principes divers. Seulement, tr^s peu sont des realisations vraiment 
industrielles; la plupart d’entre eux sont restes au stade de prototype 
de laboratoire. 

Ce rapport presente le caladateur MUSA-6. Ce n’est pas un modeie 
de laboratoire. C’est un calculateur puissant, pouvant effectuer automa- 
tiquement Tassemblage et le traitement de rinformation, dans des 
commandes de processus aieatoires ou non. Son application depasse la 


simple evaluation de fonctions de correlation. A la connaissance de 
I’auteur, la puissance de calcul et la capacite de memoire de MUSA-6 
ddpassent celles de tous les calculateurs specialises de ce genre decrits 
dans la litterature. D’autre part, la pre(^ion de MUSA-6 est com¬ 
parable k celle des meilleurs calculateurs analogiques universels. 

Les qualites de ce calculateur proviennent notamment des progr^s 
accomplis dans le stockage des signaux et la logique de transformation, 
utilisantleprincipebien connudemodulationsenlargeurs d’impulsions. 

Ce rapport est done interessant h deux points de vue;^premierement, 
applications nouvelles pratiques de la theorie statistique en se basant 
sur Tutilisation d’un calculateur puissant; deuxi^mement, d6veloppe- 
ment de techniques analogiques de stockage et de traitement de 
rinformation. 


Zusammenfassung 

Zur Anwendung der Theorie der stochastischen Prozesse in der tech- 
nischen Praxis bendtigt man Mittel zur automatischen Berechnung der 
grundlegenden Funktionen der statistischen Verfahren in der Rege- 
lungstechnik, ntolich der Korrelationsfunktionen. 

Daher wird diesem Problem grofie Aufrnerksamkeit zugewendet 
Forschungsst^tten in verschiedenen LSndern befassen sich derzeit mit 
der Entwiddung von Apparaten flir diesen Zweek und h&ufig er- 
scheinen in Fachzeitschriften Artikel fiber Korrelatoren mit den ver- 
schiedensten Arbeitsprinzipien. Aber nur wenige dieser BntwUrfe 
eignen sich fUr eine wirkungsvoUe Anwendung auf Regelprobleme und 
viele sind nicht mehr als Labormodelle. 

Der hier beschriebene Rechner MUSA-6 stellt kein LabormodeH 
dar, sondern einen ziemlich leistungsfdhigen Rechner fOr eine auto- 
matische Registrierung und Verarbeitung von Regelungsdaten regel- 
loser und deterministischer Art; sein Anwendungsgebiet beschrinkt 
sich nicht nur auf die Bestimmung von Korrelationsfunktionen. So- 
weit dem Auior befcannt, ist dieser Rechner bezogen auf die Rechen- 
leistung und Speicherkapazitfit alien bisher in der Literatur beschrie- 
benen speziellen Rechnem fiberlegen, seine Genauig^eit ist mit der 
von gewdhnlichen Analogrechnem vergleichbar. 

Diese verbesserten Eigenschaften wurden haupts^hlich durch die 
Entwicklung und die Veifeinerung der Signalspeicher und der Logik- 
einheit zur Umwandlung der kontinuierlichen Signale in pulsbreiten- 
modulierte Signale und umgekehrt, erreicht. 

Dieser Beitrag ist daher aus zwei Grtinden von Interesset ZunSriist 
einmal, da die Entwicklung leistungsfMhigerer Rechner neue praktische 
Anwendimgen der Theorie der stochastischen Prozesse ermbglicht, 
und zum anderen wegen der Entwicklung neuer Verfahren zur Spei- 
cherung imd Verarbeitung analoger Signale. 
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Introduction 

The development of automation gives rise to new problems, 
which are considerably more complex and difficult in a theoret¬ 
ical sense than those that were being solved only a few years ago. 

Self-adaptive systems, or systems with automatic optimiza¬ 
tion, systems with artificial intelligence, the measurement of 
dynamic properties, and the control of large complex multi-loop 
systems—all these are examples of problems that cannot be solved 
by the methods of classical control theory. In order to solve 
such problems, it is necessary to build up a new theoretical 
apparatus. 

The theory of stochastic processes has become a cornerstone 
of this apparatus. It has been used with remarkable success in 
the rapid development of modern control theory. But it can 
be observed that, at present, theory is much further ahead of 
practice than it used to be. 

The theoretical problems are so complex that large quantities 
of data inevitably have to be processed in order to obtain a 
practical solution. Even when very efficient techniques of the 
theory of stochastic processes are used, the volume of computa¬ 
tion required presents a serious obstacle not only to any practical 
application but also to experimental work on a laboratory scale. 
Even such simple problems as the evaluation of correlation 
functions, distribution functions and spectral functions become 
laborious and time consuming tasks, although general purpose 
computers are used. 

To get repeatable results one needs to operate on processes 
represented by a large number of points, running into the order 
of hundreds of thousands. The necessary number of elementary 
operations, i.e. multiplications, then goes into millions or even 
thousands of millions. Although the foremost modem com¬ 
puters can perform this quantity of operations in an acceptable 
time, difficulties remain in the storage capacity needed and in 
the transfer of such a volume of data from the source to the 
computer. 

All ffiese difficulties were met in attempts to apply promising 
results in statistical dynamics to the typical problem of deter¬ 
mining the dynamic properties of industrial control installations. 
The difficulties were overcome by the construction of a specialized 
computer that would permit the testing of statistical dynamics 
methods for this purpose and their development for practical 
application. 

Basic Functions of the Computer 

The purpose of the computer is to serve for automatic calcu¬ 
lation of aU the fundamental functions forming the basis of 
statistical analysis: (a) autocorrelation and cross-correlation 
functions; (b) Fourier integrals; and (c) distribution functions. 

The stage of development of computer engineering and 
electronic component production in Czechoslovakia at the start 
of the project set the initial conditions for the engineering design. 
The computer is an analogue one, using electronic valves, and 
its memory is contained on a magnetic tape with six working 
and two auxiliary recording tracks. 

This leads to the name of the computer, which is the Magnetic 
Universal Statistical Analyser with six channels, or MUSA-6. 

It is also capable of solving certain non-statistical problems: 

(1) Computation of convolution integrals; 


(2) Representation of functions with delayed argument where 
the delay depends on a variable quantity; 

(3) Formation of a memory for an analogue computer; 

(4) Operation as a multiplier for the multiplication of con¬ 
tinuous signals; 

(5) Transformation of the time-scale of continuous processes. 

Although these applications are an essential part of the 
computer’s employment, no further reference is made to them 
in this paper, since they are only a modification or simplifi¬ 
cation of the statistical applications. 

The computer is also adapted for certain auxiliary opera¬ 
tions: (a) transcription of a signal from one track on one tape 
on anotiier track of either the same or another tape, and 
(b) sense inversion of the time scale of the recorded process. 


In i ti al Design Requirements for the Computer 

In dealing with stochastic processes on a computer one has. 
always to go through the following steps: (a) sensing of the] 
processes at the installation; (b) the transfer of the resulting data 
into the computer memory; and (c) the reproduction and 
processing of the data. 

To achieve efficient operation, the design should take all 
these three stages into account as a complex. The basic require¬ 
ments for the development are: 

(1) All manual work connected with the intermediate 
recording of the data, and their preparation for feeding into the 
computer, should be eliminated. Processes that are sensed 
from the actual installation in the form of voltages by means 
of suitable pick-ups and converters should be recorded directly 
on mapetic tape by a portable recorder or the computer itself, 
and this tape should be used in the computation. 

(2) The required functions are obtained as a result of a very 
large quantity of elementary operations. Thus it is necessaiy to 
secure high accuracy of recording, reproduction and the other 
elementary operations. For this reason the principle of pulse- 
width modulation was chosen for the magnetic recording. This 
is a discrete type of recording, in which individual test values 
of the process are converted to ratios between the lengths 
of magnetized segments of the tape. 

(3) One should aim to increase the capacity and operating 
speed of the computer. Since there are certain technical limits 
to the length and speed of the tape and to the width of the 
recorded pulses, this requirement can be reduced to one for a 
maximum economy of tape, or consequently to one for a 
maximum reduction in the number of sampling values while 
maintaining accuracy in the representation of the recorded 
processes. To achieve this one has to design the logic so as to 
make the maximum use of the information contained in each 
sample. Hence it was necessary to develop improved techm'ques 
for converting a continuous signal into pulses with duty-cycle 
modulation and vice versa. 

(4) Unit-type construction should be used in order to reduce 
the quantity of materials needed for the computer, and also to 
permit flexible programming by means of a patching panel. 






Demon^ting on one of the simplest problems (the repre¬ 
sentation of time delay), it can be shown how the above prfn- 
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ciples are reflected in the elementary functional units of the to use extremely short sampling pulses; (b) The value of jc,-, as 
computer. Figure 1 shows the relevant block diagram. can be shown by means of a Taylor series, is a good approxi¬ 

mation to the value of x (t) at the midpoint of the preceding 
Sampling sampling interval: 


A continuous signal x (/) (a d.c. voltage) is fed to the input 
of the sampling unit SAM. There the samples are taken, and the 
continuous voltage x (t) is converted into a stepped one x (/) 
{Figure 2) according to the law 

where is the value of 5c (r) over the interval 

are the instants of sampling, with O# = 0, and ^ is the sampTin e 

period. 

The conversion law (1) has two basic properties: {a) The 5c, 
are determined by integration over the whole interval This 
permits a considerable improvement in accuracy by the use of 
feedback circuits, by suppressing the effect of hum and noise 
superimposed on the signal jc(/), and by making it unnecessary 


The error of approximation is determined to a first approxima¬ 
tion by the magnitude of the fourth derivative of x (/): 


Xi — X 



.... 

5760 


(3) 


It may be neglected in practice, even when the signal spectrum 
contains frequencies close to a quarter of the sampling fre¬ 
quency 1/^. 

The sampling period is chosen in relation to the spectral 
composition of the signal in order to give a representation of the 
signal with the required accuracy while avoiding the taking of 
superfluous samples. 



Figure L Block diagram of connection of computer units for representation of delay lines and multiplication 



—j-1 u-—I Ll^ 

Figure 2. Signal transformation in SAM and KOD units 
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Coding 

The signal x (t) appears at the input of the KOD unit. The 
coding takes place in this unit, i,e. the conversion of x (t) into 
pulses whose width (or duty cycle) is modulated, x(t). The 
voltage x(/) is compared with a standard isosceles-triangle 
voltage wave-form and the signal x (/) is derived according 
to the law: 

sgn X (t )=sgn [x (t) - Ua] (4) 

The durations of the positive and negative values of x 
and are connected by the linear relation: 


ife, and are then amplified and shaped in the unit Ab^ A signal 
x(t-T) appears at the output of this block, where 

T=//i; (9) 

r is the delay of the signal x (r — t) after x (r). 

The loop length / is determined by the required delay. It can 
be controlled either manually or automatically using a servo 
system controlled by a d.c. voltage or by rotation of a synchro 
shaft. 

Multiplication 


,29^-9 ,9t-9r _ 


(5) 


where k Imax- 

Omission of the sampling and replacing x (t) by x (/), would 
cause non-linear terms containing x (t) and its derivatives to 
appear in eqn (5). These represent the considerable non-linear 
distortion associated with such a method of coding. 

Comparied with the use of a standard sawtooth wave-form, 
the pulse-width modulation using a standard wave-form of 
the given form is less sensitive by an order or even two orders of 
magnitude to exponential distortions of the linear sections of 
What is more, it is much simpler to generate a triangular than 
a sawtooth wave-form accurately at high frequencies. 


Recording 

The signal x (f) is amplified in the recording amplifier Aw^ 
fed to the recording head Hw and recorded on the magnetic 
tape L as segments magnetized to saturation. This technique 
makes the use of a high-frequency bias field unnecessary, and 
almost completely eliminates the effect of irregularities in the 
tape coating. 

The recording of a single sample will require a length 
of tape 

( 6 ) 

where v is the tape speed. An accurate value of v is maintained 
by a drive from a synchronous motor fed from a generator with 
accurately regulated frequency, and by mechamcal filters 
(unit M on Figures 6, 7, 8,10 and 72). Intervals of positive (A+) 
and negative magnetization alternate on the tape: 

xt^9tv, Y(Ar+ArH.i)=|-(5r+^>r+i)» (?) 

The tape speed for recording is chosen in relation to the 
resolving power of the recording heads, so as to secure the 
necessary accuracy in the recording and reproduction of the 
lengths of the magnetized segments. For this it is necessary 
to have 

( 8 ) 

where A„,ta is determined by the properties of the heads and tape. 


Readout and Delay 

After a loop of length I has passc^ through, the signals 
recorded by the r^rding head Hw arrive at the readout head 


The signal ic (l — t) is fed in the input of the modulator 
MOD, where it obtains given accurate levels ± y (f) (Figure i). 
The signal y(t) is obtained at the output of the SAM unit, which 
samples y{t) in accurate synchronism with the sampling instants 
of the signal ic (/ — r). 



Figure 3. A period of the output signal from the MOD unit 


The mean value of the signal at the output of the MOD unit 
over a single period 0 is 

i /•tff+i OQ+—n 1 1 

Tje 9 ~="fc 


where 


Yii=Xiy, 


(11) 


The sampling of y (t) is necessary because otherwise the 
expression for the mean value of the modulated signal would 
contain additional non-linear terms involving y (t) and its deriv¬ 
atives. These terms would correspond to considerable distortion 
of the product of the x and y signals. 
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Inverse Transformation 

The mean value of each individual period of the signal 

Ci t) is computed in the interpolation and integration 
unit lOT according to formulae (10) and (11). The resulting 
values Wi are interpolated quadratically. The arc of the inter¬ 
polating parabola_always passes through three neighbouring 
points (e.g. W(-i, Wf, Wf+i), but for interpolation one only uses 
the part of it between the last two of the points (e. g. and 

Thus one manages to obtain in the form of the output si'enat 
of the INT unit a good approximation to that required: 

( 12 ) 

even by a relatively seldom sampling. 

The delay caused by the principle of operation of the 
SAM unit (delay and the INT unit (delay |d) does not 
introduce any error in statistical computation, since either it is 
simply added to the required delay or it slightly delays the 
production of the result. The signal transmission is nearly inde¬ 
pendent on frequency in other respects, except of course for 
the distortion due to the finite number of sampiM 

Synchronization 

A most valuable property of the signals x (t) and 5c (t — r) 
is that they are entirely sufficient to determine the instants of 
sampling 0{, and there is no need to record any synchronizing 
signal at all. The synchronizing pulses required to fix the instants 
9i for correct operation of the SAM and INT units in the repro- 
du^ion and multiplication channels are derived in the SYN 
unit; this makes use of the fact that these instants are situated 
symmetrically with respect to the datum lines of the positive 
intervals of the ^ (r - t) signal. A second similar SYN unit 
also supplies synchronizing signals and the standard triangular 
waveform to the input SAM and KQD units. 

Integration 

The INT imit can also be switched to perform the operation 
of integration (designated INTj). In this case the unit computes 
the mean vdue of the (f - t) signal not over the period 
but over ^ arbitrary large period T = m^, m being an integer 

^ 1 1 r*'** 1 f'-ii* 

h+i=‘ti+T, to=9Q+n9, naninteger (14) 

The output voltage of the INTj unit is obtained by linear 
interpolation of the values w< with a delay of {Figure S). 

The unit-type construction of the computer permits flwcible 
programming of various problems. As a fiurst example, the com¬ 
putation of correlation functions is demonstrated. 

Computation of Corrdation Functions 

Figures 6, 7 and B show the coimection of the computer 
units for computing the autocorrelation functions and cross- 
correktion functions of two processes j^(r) and For 
simplicity’s sake the synchronization chains are not shown in 
Figures 6, 7, 8,10 and 12. . 


To start with, the signals are recorded on two tracks (e.g. i 
and 2) of a magnetic tape {Figure 6). The speed v is determined 
by the choice of the values of 0 and 2 according to eqn (6). 

Before processing, the tape is removed from its reel and 
joined up to form a single long endless loop (oflengthir), whidi 
is placed in the endless loop container Z. 

The first step in the processing is the transcription of the 
signals on two other tracks (e.g. 5 and 6) with a shift through 
a distance Iq {Figure 7), 



Figure 6, Connection of units for recording signals on tracks 1 and 1 



Figure 7, Connection, of units for transcription of recorded signal with 
shift. The upper left index to the symbols Hy^ and Hr indicates 
the track number 
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Figure 5. Connection of units for computation of correlation functions 


For the computation itself (Figure 8\ the first recorded 
tracks are read off by one block of heads (^Hr and and the 
tracks with copied signals by another block of heads {^Hr and 
The loop length between these two blocks is /. The 
resultant time-shift between the signals picked off by the two 
blocks is T , 


The signals from tracks 5 and 6 are converted back to 
continuous form and used for multiplication of the signals from 
tracks 1 and 2. The mean values of the products over a period T 
are computed in the INTj units. 

The period T is chosen equal to the period at which the joint 
in the endless loop passes the heads: 

T^Lrlv (16) 

Each time the end of the jecording passes the read-out heads, 
a signal taken from the control (auxiliary) tracks causes the loop 
length between the two blocks of heads to change automatic¬ 
ally by A /, he. the delay changes by 

Ax^-Allv (17) 

At the instant when the start of the recording passes the read-out 
heads, a signal from the control tracks is used to derive a pulse 
that fees the start of a new integration period and this pulse 
is routed to the INTj unit. As a result one gets from eqn (13) 
for each period T a single value 

_ 1 

( 18 ) 

Tj+^=Tj+At and to—® (1^) 

which corresponds to the value of the correlation function 

•R7t(^i)»Yjo (20) 


where is determined by the length Lg of the recording of 
processes and x* on the track: 

L,<L; T,<T (21) 

It follows that 

( 22 ) 

and the graph of variation in output voltage fV(t) (Figure 9) is 
a graph of the correlation function. It can be recorded by 
means of either a pen-recording instrument or a print-out 
digital voltmeter. As a rule the maximum tape speed is used for 
computation. This markedly accelerates the work. 

Using the computer’s possibilities to the full, one can 
compute five correlation functions at once. Under these con¬ 
ditions the computer evaluates 50,000 products and 50,000 sums 
of sample values per second. The maximum capacity of the tape 
container is 1,200,000 samples. These figures show that a 
fairly powerful general purpose computer would be needed to 
do the same job as MUSA-6. 



Figure 9. Correlation function graph obtainedby means of apen-recorder 
connected to the output of the 3DMTj unit in Figure 8 
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Computatioii of Distribution Functions (Figure 10) 

After reconstitution, the signal x(t) is compared in the 
comparator unit COM with a fixed reference voltage u generated 
in the reference voltage generator GEN. The output p («, x) of 
the COM unit is formed according to the law 

p(«,x)=l forx<u . 

p(u,x )=0 otherwise '■ ^ 

After the 0 and 1 levels have been given accurate values by 
the MOD unit, a mean value is determined in an INTj unit, 
which is set up for a period T in the same way as for the com- 



Figure 70. Connection of units for computation of distribution functions 

putation of correlation functions. Each time the end of the 
recording of process x (t) passes the heads, the value of is 
automatically varied by A u. If the integrand in eqn (13) is 
replaced by p (% jc): 

1 _ 1 f^***"^ T 1 T 

UiYi ^ Ui + 

it is at once apparent that the W (t) curve is a graph of the 

distribution function D (u) with scale k TJT (Figure II), 



Figure IL Form of distribution function obtained at the output of the 
INTf unit in Figure 10 

The comparator unit can also be switched to give another 
law for the formation of p (k, jc) : 

. Au Am 

p(«,x;)=l foru—y<x<M+'Y ^^ 5 ) 

p(m,x)=0 otherwise 

In this case the computation leads to an approximate value 
for the probability density function d D (M)/d u. 


Computation of Fourier Integral (Figure 12) 

Here the jc (i) signal is multiplied by the functions sin o) r 
and cos (o r, which are derived in the SIN unit. 

The generation of these goniometric functions is started with 
an accurate phase 7 » 0 precisely at the instant when the 
start of the recording of jc (t) on the tape track passes the read¬ 
out head. Each time the end of the x (t) recording passes the 
head, the frequency of the SIN unit is changed to c o): 

0)1+1 = CO), (26) 

The operation and setting-up of the INTj units are the same 
as for the computation of correlation functions. The computation 
results in graphs of the functidns: 



Figure 12, Connection of units for computation of Fourier integral 
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1 1 

/s(c»)=-;f x(t)sm(otdt, /c(a))=-^ x(Ocosft)tdf 

^sjo -*sJo ^ 27 ) 

with a logarithmic scale along the <o axis: these determine an 
approximation to the complex Fourier integral 

( 28 ) 

The absolute value | F(a>) is ob¬ 

tained by squaring and siunming in the S unit. 

This technique is not very suitable for functions x (t) of a 
random nature, since the values of /, and /c tend to zero as the 
duration Tg of the recorded part of the random process x (t) 
increases, and the fa and obtained are distorted by a large 
random error. 

For random processes it is best to start by computing the 
correlation functions, and then to obtain the spectral density 
function S (co) either by processing them according to the method 
described or on a digital computer. 

But it is also possible to compute (oS((o) directly, by 
passing x (t) through a narrow-band filter with pass-band from 
to (coi C 0 i^)h 

After a simple change of connections the SIN unit can be 
used as the filter. The filter output is first squared and then 
integrated over a period Tby an INTj unit. Since the width of 
the pass-band is proportional to «)<, so the resulting function is 
proportional to cOi S (cd^). 

Fundamental Parameters of the Computer 

In determining the fundamental parameters of the computer, 
efficiency of operation, convenience of programming, and uni¬ 
versality of application were aimed at. The following para¬ 
meters were achieved: 

(a) Computer unit: 100 V. 

(b) Range of input and output voltages: ± 1 unit. 

(c) Accuracy: the error after a signal has passed through the 
complete channel in Figure 1 does not exceed 10~^ unit. 

(d) Depth of modulation 1//: = 0*8. 

(<?) Value of Amin = 1 nun. 

C/) Available sampling frequencies 1/^: 1,10^^^ 10, 10®^^ 10®, 
10®, 10’/®,10*(sec-i). 

ig) Range of integration period T: 1-100 sec. 

(A) Number of tracks: 6 -f 2 auxiliary (control). 

(y) Tape speeds: 1, lO^/®, 10, 10®/®, 10®, 10®/®, 10®, 10’/®, 
10 * (mmsec“^). 

(k) Range of variation of delay loop length: 150-1,300 nun 
automatically (by servo system), with facility for adding 
6 fixed sections of 1 m each. To represent a large fixed delay, 
the Z unit can be used as a delay loop. 


(/) Constants of delay loop servo: voltage control gives 
20mm/V with setting accuracy ± 0*5 mm; synchro control 
gives 50 nun/tum with setting accuracy + 0*3 mm. 

(/«) Fixed rates of change of delay loop length: = PiP^Pz 
P 4 P 5 (mm sec“^) where the following values may be chosen for 
the Pi\ 1 , 2 ; P 2 ~ 1 Fa ~ 1 » F 4 “ 

Ps = lOVi, 10, so far as the condition < 25 mmsec"^ is ob¬ 
served. For stepwise movement A / = Vj T, A / < 25 mm. 

(n) Capacity of the endless tape loop container Z: 200 m. 

(p) Frequency range of SIN imit: 10”“®~10® sec""^. Available 
values of c in eqn (26): 10 ^/®*, lO^/i®, 10 ^ 8 , 10 ^/®, 10 ^*. 

(q) Range of variation of voltage u from GEN unit: ± 1 unit 
Available values of A u : 0*02, 0*04, 0*1 unit. 

(r) Complement of units: 6 each of SAM, KOD, Awy Ajt, 
MOD, INT, S and K (cathode follower). Also 3 COM, 2 SYN, 
1 GEN, 1 SIN, 1 AT, 1 Z, 1 control imit, 8 HT power units, 
1 heater power unit, 3 servo units, 1 erase unit, etp. 

(s) Valve complement: 250 in supply and reference voltage 
stabilizers; 50 in drive and servo systems; 150 in read-out and 
recording circuits; 300 in computing circuits; grand total 750. 

(t) Power consumption: 7 kW. 
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DISCUSSION 


D. J. A. Carswell, Bruce Peebles & Co. Ltd., East Pilton, Edinburgh 

Scotland ’ 

Mr. J. KiT^e is to be congratulated on the design of a flexible and 
elegant universal statistical analyser, and the concise and informative 
paper presented. 

When considering the initial design of a more specialized four- 
channel machine for auto- and cross-correlation computation on low 
frequency data in band d.c.—few c/sec—we faced a final choice of 
variable delay tape loop or an out-of-contact magnetic drum delay 
system, and we eventually chose the latter. 

Data acquisition is made on a separate transportable multichannel 
frequency modulation recording system, and analysis is carried out in 
speeded-up time scale (128:1 maximum). Delay is by using the mag¬ 
netic drum store with saturation recording still in F. M. form. Some 
50 preset values of delay are available by a combination of fixed posi¬ 
tion read-write heads on the drum and alternative drum speeds. After 
delay the signals are demodulated and multiplication and integration 
are carried out in analogue form. 

Our choice of the drum system for delay was partly determined by 
the apparent unavailability of a commercial loop deck with guaranteed 
and adequate freedom from errors due to tape stretch, tape skew and 
drop-out. For our application, highest reliability and operation of the 
analysis equipment by non-engineering personnel were prime require¬ 
ments. 

Any comments by the author on the reliability and achieved per¬ 
formance of his tape loop system would be of interest. 

J. Kr^^e, in reply 

I am ve^ thankful to Mr. Carswell for his discussion and for the 
information about his work. This is a new example of how much 
interest is paid in different countries to problems of statistical com¬ 
putation. 

The reliability achieved with our tape loop system for simulating 
time lag is acceptable. The tape (35 mm perforated) is capable of turn¬ 
ing several thousand times without a significant deterioration in signal 
amplitude and also the joint behaves reasonably when properly made. 
The i^uence of decreasing pulse amplitude can be further diminished 
by using recording, consisting of very narrow pulses, marked by their 
polwify and their position denoting the moments of polarity changes 
of si^al in place of using an analogue waveform of the signal. (The 
mentioned d.c. waveforms can be used in the machine.) The recording 
signal has, then, the form of a double pulse with its zero crossing 
marWng the moment of polarity change, and hence is only insignifi¬ 
cantly affected by amplitude changes. 

When using the tape, Agfa MF 3 or MF 4, the amplitude varies 
only rarely more than 10 per cent whereas the signal has to be reduced 
to less than one-tenth of its nominal value to produce a drop-out. 
Moreover, in statistical calculations a complete distortion of one 
sample from some ten thousands should not be critical. 

We have had some trouble with drop-outs in the past, but these 
were caused by pulses being added (inadequate magnetic and electric 
shielding, etc.) and not lost. 

As concerns the changes in tape length, the influence of mechanical 
stress is avoided by keeping its value constant and by choosing the 
35 mm perforated film tape, which is verj/ rigid. The influences of 
humidity and temperature changes are not ^eat and are very slow, 
so that there is hardly any change during one computation. Therefore, 
the result is in the worst case a contraction or dilatation in the cor¬ 
relation function time scale of the same value as the contraction or 
dilatation of the tope caused by humidity and temperature change 
which took place in the meantime between recording and processing. 
This is negligible in most practical appUcations; when necessary it is 
possible to measure exactly the produced change in perforation inter¬ 
vals of the tape very precisely and evaluate the necessary correction 
of correlation function time scale. 


D. J. A. Carsvwell 

I should have added that whilst we agree that the magnetic tape loop 
system has an enormous advantage in storage capacity, we do in point 
of fact use more than one circular track on the drum in series to in¬ 
crease delay time and storage capacity. However, although this process 
can be easily extended manifold on a standard drum the insertion of 
each extra ‘track’s worth* of storage and delay involves an additional 
read-write operation, and a small reduction of signal/noise ratio and 
consequent overall accuracy. 

J. Krt^^e, in reply 

I have to add that Mr. Carswell is quite right when speaking about 
mechanical troubles, which arise with use of magnetic tape. These 
troubles were concentrated in our case in the perforated tape transport 
drive and mechanical filters for filtering of tape transport disturbances, 
caused by gears and the drive. The tooth forms of the tape driving 
drum, especiaUy, toned out to be a critical point. There is no doubt 
that a drum delay is a better solution, when highest reliability of long 
term operation of the delay simulating device is necessary. 

Professor Ainbinder 

Is it to be understood that a magnetic tape loop and a drum are equiv¬ 
alent solutions ? 

J. KR'i’iE, in reply 

Yes, they are quite equivalent in respect of achievable accuracy and 
many other respects, but the tape loop, when using contact pad, allows 
a substantially higher packing density and easy increasing of loop 
length, which is not the case with a magnetic drum, because of dia¬ 
meter limitations. So the tape loop is more flexible. 

E. Blandhol, Eidanger Salpeterfabriker’-Herdya, Porsgrunn, Norway 

I would like to call the author’s attention to a small transistorized, 
portable statistical computer called ISAC, developed and used by 
the discusser et aP* \ It is highly interesting to note that the computer 
described in your paper does very much the same as our ISAC, thus 
stressing the practical need for such computers. However, your com¬ 
puter would probably have been even more useful if it were portable 
to measurement location. 

The transcription of the recorded signals needed for correlation 
could have been avoided by recording each input on two tracks on 
the tape simultaneously, one from each head, thereby eliminating the 
minimum distance 10. 

The author’s reasons for choosing pulse width modulation and his 
associated error analyses are really interesting. However, in our ISAC, 
asynchronous pulse frequency modulation was used, with very satis¬ 
factory results. This principle also permits a frequency division of the 
modulated input signals equal to the recording/playback tape speed 
ratio, thereby 3 delding a fixed firequency range in all playback circuits. 
Finally I have three questions: 

(1) What is the maximum input signal bandwidth ? 

(2) What is the computing time for each point of correlation func¬ 
tion? 

(3) The correlograms shown in the figures are continuous. How is 
the overlapping between individual points achieved? 

References 

^ Blandhol, E., Hestvik, O. and Mohus, I. A description of the 
statistical computer ‘ISAC’, Automatic Control LaboratoiyjJVb/'w. 
Inst ofTechn.^ Vol. 1 (November 1959), Vol. 2 (December 1960) 

® B^chen, j. G. and Blandhol, E. On the experimental determina¬ 
tion of statistical properties of signals and disturbances in auto¬ 
matic control systems. Automatic and Remote Control, Vol. II, 
p. 788--96, 1961. London; Butterworths 


684 



A UNIVERSAL STATISTICAL ANALYSER 


J. KscSriE^ in reply 

1 would like to thank Mr. Blandhol for his discussion and very inter- 
esting remarks. I have to agree with him that a portable and transistor¬ 
ized construction like ISAC would be more advantageous, but high 
requirements on precision, efficiency and lack of suitable transistors 
made it not possible. We intend to compensate this by complementing 
the machine by one or more portable recorders. This has the advantage 
that the machine exploitation is not affected when long-time records 
of slow processes are taken. 

The trick of eliminating the transcription by recording the signal 
on two tracks in shifted position is quite right, but it would severely 
limit the number of simultaneously recorded processes from a multi- 
variable system with the given number of six tracks in our case. There¬ 
fore we did not make use of it. 

I agree that satisfactory results can be achieved by the use of fre¬ 
quency modulation, when static accuracy is being discussed. But when 
higji accuracy, 1 per cent or higher, is to be maintained in a maxi¬ 
mum frequency band with minimum tape speed, the advantages of 
equidistant sampling and PWM (PDM) become very stressed. 

Concerning the signal bandwidth, it depends on the sampling fre¬ 
quency chosen. Sinusoidal waveforms of unit amplitude and frequency 
lower than approximately one-fifteenth of sampling frequency are re¬ 
produced with the specified 1 per cent accuracy. For higher frequencies 
the error grows approximately with/^. The frequency characteristics 
are defined so that the results can be corrected when substantial higher 
frequencies, to one-third of sampling frequency, are present. 

The computing time for one point of correlation function is de¬ 
pendent on the recorded length of the process. It is, in seconds; 

number of samples of the recorded process 

(0-2—0-5)+ 

So approximately 20 sec is necessary when full storage capacity 
(200,000 samples for one track) is used. Five points of five functions 
for the same value can be computed in the same time, when full use 
of machine possibilities is made. 

The continuous form of correlograms results from electronically 
interpolating the individual computed values of the function, as is 
shown in Figures 5 and 9 of the paper. 

B. S. Morgan, Jr. and E. B, Stear, 4606 Eaton Dr., Washington D.C., 

U.S.A. 

The author is to be congratulated for this paper and the construction 
of a device capable of, and useful for, the reduction of statistical data. 

The device would seem to be more attractive for general laboratory 
use than for some on-the-line uses in adaptive controllers. Has a recent 
model using transistors been built ? 

The sampling process [eqn (1)] involves a net differentiation of the 
signal and hence appears to be worse than sampling over an infinit¬ 
esimal time period as far as external noise is concerned. Would the 
author comment on this? 

Why does the author think that it is simpler to generate a triangular 
wave than a sawtooth wave? 

J. Kr^^, in reply 

I wish to thank Drs. Morgan and Stear for their discussion, I fully 
agree with their opinion that the computer MUSA-6 is adequate for 
laboratory use (it has been built for that) and not for on-line use m 
adaptive controllers. The computer is built with electronic tubes, and 
transistorization is not considered at the moment. 

The criticism of the sampling process, as described in eqn (1), is 
quite right, and this was taken in account in the design. The second 
derivative conversion of the sampling process as defined in eqn (1) 
is a first-term approximation to an ideal. This first-term approximation 
is realizable by a resistor-capacitor network and does not amplify very 
high frequencies; on the contrary it damps them, yielding a good ap¬ 
proximation to the ideal at low frequencies, where the higher terms 
of Taylor expansion can be neglected. 


The simplicity of generating a triangular wave at high frequencies, 
mentioned in the paper, concerns the realization simplicity. Both linear 
sawtooth forms and triangular waveforms are generalized by the 
integration of exact rectangular pulses. In the case of triangular wave¬ 
forms these pulses have a 1:1 duty cycle and the positive and negative 
amplitudes are equal, whereas in the case of sawtooth waveforms one 
of the pulses has to be several orders of magnitude shorter and in the 
same ratio higher, or the integration time constant has to be changed 
when generalizing the steep part of the sawtooth waveform (e.g. by 
closing a capacitor discharging switch). 

The sawtooth waveform has a greater high frequency content than 
a triangular waveform and consequently operational amplifiers with 
a substantially broader frequency band are necessary for the generation 
and handling, when the same precision of waveform is specified. More¬ 
over, the requirements for linearity of the triangular waveform are 
much lower, and so the distortion due to parasitic circuit time con¬ 
stants in the generation and handling circuits is of less importance. 

F. CsAKi, Department of Automation, Polytechnic University, Buda¬ 
pest XI, Hungary 

When I was in Czechoslovakia just over a year ago, I saw this excellent 
machine myself. It would be very interesting if the author could report 
about some practical results concerned with real industrial plants and 
obtained recently by the correlator. 

J. Kr^&, in reply 

\ 

At the present time, no industrial results are yet obtained. If any be¬ 
come available they will be published. For the first year the machine 
will be investigated on laboratory scale. It is proposed to use it during 
this time for work on models, servomechanisms and signals taken from 
human organism. 

G. T. Roberts, 378 Ferry Road, Edinburgh 5, Scotland 

In the operation of a correlation computer of this sort one of the major 
difficulties is the elimination of mean values in the recorded signals. 
This step is necessary because a recorded mean level will use up much 
of the available dynamic range in analogue type equipment. Also, any 
mean value present in signals before correlation will result in a com¬ 
puted correlogram which would not tend to zero for large r. 

If the process is stationary and the mean level is constant through¬ 
out the recorded period, then the problem is trivial. In a non-stationary 
process, however, where the mean level of the recorded signal exhibits 
a slow ffirift throughout the recording period, a simple cancellation of 
the mean value computed over the whole length of record does not 
result in a computed correlation function which is free from error. 

Figure A (overleaf) shows a signal x (^) which has zero mean value 
over the recorded period T, but which would give a correlation function 
which would not tend to zero for large t. 

Has the author had any experience in handling non-stationary 
signals of this sort ? If so, what method has he found most suitable for 
elimination of errors of this type? 

J. Kk^±e, in reply 

Before recording a process we have to make some estimate of its 
behaviour as to mean value and as to its use for recording a cpnstant 
shift, which would ensure that the range of the recorder is used in an 
optimal way. The remaining mean value can be evaluated on the 
machine and subtracted from the recorded signals before processing 
them (this requires a transcription), or used for determining the zero 
line of the correlation function after processing. 

As for the slow drift of zero level shown in Figure A it is to be 
determined if it is a large low frequency component of a stationary 
signal or a mean value change of a non-stationary signal. 
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If we are quite sure that the low frequency components are of no 
importance for the problem to be solved, we can use a high pass filter 
with an exactly known transfer function. The effect of introducing this 
fflter on the correlation function can be expressed by a convolution 
integral. Hence the resulting correlation function can be corrected if 
necessary, or the calculations which are based on it (spectral density, 
unit step response, etc.) modified to take account of the filter intro¬ 
duced. 

In the example of a spectral density function given by Dr. Roberts, 
only the frequency band approximately from 1/1,000 to 10 c/sec is 
interesting for the evaluation of dynamic characteristics of real con¬ 
trolled systems. Whereas the unwanted high frequency can be easily 
cut off by a high-pass filter, this is more difficult with the low frequen¬ 
cies, which cause an ineffective use of the range of the computing de¬ 
vice and cannot be cut off by a high-pass filter, because of practical 
troubles with realization of large time constants and impossibility of 
determining the effect of filtering on the correlation function obtained. 



P. Jespers, 4 Av. Charles de Lorraine, Belgium 

There is hardly any other way for solving these problems. 

J. Kr^'^e, in reply 

We have not much practical experience with these problems yet, but 
we intend to use exactly the same method of solving them as described 
by Mr. Veltman. This is the reason why we included a great storage 
capacity. Our two control tracks allow for carrying out the computa¬ 
tion of individual correlation functions from individual parts of the 
divided process simultaneously. 

I would like to ask Mr. Veltman what his experience is in theoretical 
estimations of correlation function variance compared with experimen¬ 
tal results. It seems to us that the variance is in practice substantially 
greater than the theoretical estimations, and that substantially longer 
recordings have to be processed for obtaining the necessary accuracy 
than that which the theory shows. 

B. P. Th. Veltman, Department for Technical Physics, Technological 

University of Delft, The Netherlands 

I fully agree with Mr. Kr^^^e on this point. To a certain amount it 
may be caused by the deviation of actual processes from the presumed 
Gaussian distribution, but it seems that other causes which were un¬ 
known at that time have a great influence. 

Concerning the remark by Dr. Jespers I refer for precise informa¬ 
tion to the paper by my colleague and me, in the volume on Theory, 
which gives a summing-up of principles for correlation techniques 
with appropriate references. 

The point that Dr. Roberts raised is an important one indeed. The 
elimination of spurious low frequency components is necessary for 
making the correlation procedure successful. The difficulty is that high- 
pass filtering may introduce disturbing filter transients. 

A combination of high-pass filtering and manual compensation for 
diminishing the transient effect is, however, nearly always sufficient. 

The high-pass filter may be a simple first-order system or an ingen¬ 
ious ‘running average’ window filter. It may also be successful to 
integrate over short time intervals and to set up a three-dimensional 
display of the correlation functions that arise out of succeeding inte¬ 
gration intervals. Visual inspection then may make it easier to detect 
non-stationarity in the process. 
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Siimniary 

Techniques are described for analysing the behaviour of single-channel 
and two-channel self-optimizing systems. From the analysis, it is shown 
that conventional practical systems suffer from the disadvantages of 
slow speed of response and excessive deviation of parameter setting 
from the desired value. 

By a simple modification a sample and hold system effects a signifi¬ 
cant improvement in performance. A practical controller incorporating 
an electro-mechanical integrator and sampling device is described and 
applied to a two-channel optimizing system. 

Parameter adjustment in a two-channel system is not, in general, 
along the line of steepest descent. This divergence is an^ysed, enabling 
the adaptive controller to be designed for satisfactory performance. 

Sommaire 

Le rapport d6:rit le mode d’analyse du comportement d’un syst6me 
auto-adaptatif 4 un et 4 deux canaux. II ressort de cette analyse que 
les systdmes conventionnels offrent rinconv6nient d’une faible vitesse 
de r6ponse et d’une deviation excessive par rapport k la valeur d^sir^e. 

Une notable amelioration de ces performances peut etre obtenue par 
une simple modification du syst6me d’^chantillonnage et d’extra- 
polation. Un syst^me d’ajustement comportant un integrateur eiectro- 
mecanique et un echantillonneur est dicrit et applique k un systeme 
d’optimalisation k deux canaux. 

L’ajustement des parametres d’un systeme k deux canaux n’est pas 
en general sur la ligne de la pente maximum. Cette divergence est 
examinee en vue d’ameiiorer les performances du systeme auto- 
adaptatif. 

Zusammenfassung 

Untersuchungsmethoden fiir das Verhalten von einkanaligen (ein 
Parameter) und zweikanaligen (zwei Parameter) selbstoptimierenden 
Systemen werden beschrieben. Die Untersuchung ergibt, daB die bis- 
her UbHchen Systeme den Nachteil niedriger Einstellgeschwindigkeiten 
und betrachdicher Abweichungen der Parametereinstellungen von den 
gewtinschten Werten besitzen. 

Eine einfache Abandertmg durchEinfugen eines Abtasters mit Halte- 
glied bewirkt eine wesentliche Verbesserung. Ein praktisch anwend- 
.barer Regler mit elektromechanischem Integrator und Abtaster wird 
beschrieben und auf ein zweUcanaliges Optimiersystem angewendet. 

Beim zweikanaligen System erfolgt die Parametereinstellung ge- 
wahnlich nicht auf der Kurve d[es steilsten Abfalles. Diese Abweichung 
wird untersucht; dadurch gelingt es, den selbsteinstellenden Regler mit 
zufriedenstellendem Betiiebsverhalten auszustatten. 


Introduction 

Several self-adaptive systems have been described which operate 
on the hill-climbing principle^* Conveniently, the parameter 
setting \mder control is given a small displacement or perturba¬ 
tion, and the effect of this perturbation is measured so that the 
setting can be adjusted to improve the performance of the 
overall system. For continuous optimization the perturbation 
is applied periodically and for practical convenience a square 
wave perturbation is chosen. 


The basic system is shown in Figure I (a). The parameter 
value, K, is adjusted cyclically by a periodic square wave of 
amplitude ± 6, The resulting change of behaviour of the control 
system (not shown) gives a cyclic variation in the performance 
measure The effect of the perturbation is detected by a 
synchronous detector, multiplying the performance measure by 
a square wave derived from the perturbation signal. Finally, the 
parameter is adjusted at a rate proportional to the effect of the 
perturbation. 

Elementary analysis suggests that the parameter will be 
adjusted towards the optimum value at a rate proportional to 
the gradient b K. Later in this paper it is shown, however, 
that maximum rate of optimization of this system is fundamen¬ 
tally limited and the performance is further restricted by excessive 
fluctuations of parameter setting about its mean value, both in 
the steady state and during transient conditions. 

Improved performance results if a sample and hold unit is 
inserted immediately following the integrator, so that parameter 
adjustment occurs discontinuously, once each cycle of the para¬ 
meter perturbation. Since the only variation of parameter value 
during a perturbation period is that introduced by the perturba¬ 
tion wave-form, a more accurate assessment of the effect of this 
perturbation can now be obtained and more reliable optimization 
is possible. 

Figure 1 (p) illustrates one manner in which the controller 
may be realized. The parameter value corresponds to the angular 
position of a rotary potentiometer, producing variable attenuation 
of some signal f{f) from the control system. The overall behav¬ 
iour of the practical controller is identical to that of this tmit, 
although the controller is simpler in construction. 

The Practical Controller 

The controller developed uses a permanent-magnet integrat¬ 
ing motor, giving a shaft rotation proportional to the time 
integral of the applied voltage with an accuracy sufficient for 
practical purposes. Multiplication of the incoming performance 
measure voltage is achieved by reversing connections to the 
motor with a relay which also introduces the required perturba¬ 
tion signal. 

The motor is coupled to the output potentiometer by a reduc¬ 
tion gearbox and a mechanical clutch, giving the required sample 
and hold action. The clutch is engaged by a further relay, pulsed 
once each cycle of the perturbation. Use of a clutch produces an 
extremely rapid parameter adjustment, eliminating a previously 
observed source of instability. 

The complete controller {Figure 2) includes a transistor 
oscillator driving a scale of two counter to generate the perturba¬ 
tion wave-form, to ensure that the mark to space ratio of this 
signal is exactly unity. Relays are included for initial parameter 
setting, for detecting excessively large parameter adjustments 
which render the clutch inoperative, and for ensuring that the 
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integration process is initiated at the commencement of a 
perturbation cycle. The complete controller is contained in a 
unit approximately 30 x 30 x 10 cm. 

Analysis of the Sii^le-channel Optimizer 

■nie speed of response of the optimizer is limited by the 
maximum rate at which the perturbations can usefully be 
applied. Except in special cases, in which a repetitive signal is 
applied to the input of the control system, the performance 
measure cannot be estimated accurately in a time period com¬ 
parable with the response time of the system. 

In general, the performance measure must be observed over 


a time interval very much greater than the response time of the 
system. For example, when the input to the system is a random 
signal, then the change in performance measure due to the 
perturbation cannot be assessed reliably unless the period of the 
poturbation, 2 t, is of the order of 100 times the response time 
of the system*’ Statistical errors in short-term measurements 
fundam^tally limit the minimum useful perturbation period. 

Whilst ^s slow response is undesirable in practice, although 
inevitable, it permits an analytic solution of the response of tiie 
parameter adjusting system to be obtained, since the variation 
of performance measure of the control syston with parameter 
setting may be assumed instantaneous. The relationship between 
performance index and parameter setting is given by the Static 


Perform«nce 



(a) 



Figure 1. The self-optimizing controller; (a) schematic diagram of the basic system; 
(6) the system vdth sample and hold 



Low inertia 
potentiometer 
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inserted 


Figure 5. Analysis of the controller 


Transfer Characteristic. This enables the complete optimizing 
loop to be represented as shown in Figure 5, 

(1) The initial system, without the sample and hold addition, 
is conveniently analysed by the reciprocal phase plane technique, 
plotting l/(d K/d t) as a function of K, 

From the preceding figure, during the first half cycle of any 
perturbation period K = — S and 




so that 


I 


da _ T 


( 1 ) 


where ao and are the output of integrator at times t = 0 and 

r = T. 

Over the second half-period, of equal time duration t,K = 
tx + 6 giving 

da _ T 

f(a+S) T 


r 


( 2 ) 


the figure that the useful adjustment in one cycle can never 
exceed 2 the magnitude of the perturbation. 

The area under the characteristic for 0 < ^ < t is 

Ai^ABa^OLQ—PCa^aQ+ABCP 

The area ABCP is less than the area enclosed between the two 
curves from AP to the horizontal axis. Since the horizontal 
separation of the curves is equal to 2 d, the area enclosed is, 
from the figure, 2d- H plus the area of the small triangle of 
height AP and base 2 d. 

Thus, 

where 

The area xmder the characteristic for t < ^ < 2 r is 
A2=DCol^cli=^PC ao +DP oCq ol^ 


where oci is the integrator output at the completion of one cycle. 

If / (K) is known graphically as a function of K, eqns (1) and 
(2) are solved by plotting l//(a — d) and l//(a + d) as functions 
of cc (Figure 4), From the above equations the area under the 
curve l//(a — d) from « = «o fo « — is a measure of the 
half-period t, equal to the area imder the curve!//(« + d) from 
ix == to a ~ By equating areas, the change in parameter 
setting over one cycle can be rapidly determined and the process 
repeated to give the complete response. 

As illustrated in the figure, the total excursion of parameter 
value, — (Xj, greatly exceeds the useful adjustment per 
cycle, dXo — «i. 

Provided that/ (K) does not possess a maximum or minimum 
in the working range + ^ < JC’ < + ^, it is proved from 



» PC a, ao+(ao - ai) - H+y (otp - (a+3)] ao 

Equating areas 

(ao-ai)H-hy(ao-ai)*|^j^^]^^^ 

Therefore 

(ao-ai)^25 

Thus the parameter adjustment cannot exceed the magnitude of 
the perturbation. The excursion of parameter value during a 
perturbation cycle is very much greater than the magnitude of 
the useful adjustment. 

In particular cases where/(X) is known analytically eqns (1) 
and (2) can be solved directly, illustrating the general conclusions 
stated above. 

For example the characteristic 

is a useful approximation to the relationship between mean 
square error of a control system and damping factor for transient 
and random signal inputs. The unique minimum occurs for JC = 1. 
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Solving the equations 

ri+(“-5)n 

dt tL «-S J 

ri+(a+^)n 

dt rl_ a+3 J 

gives 


0<t<T 

r<t<2x 


(a,-5)2=(ao-5)2e2‘/^+e^t/r_j 


«-2^y[/(a)]U«o (3) 

since 6 is small. 

Thus the clamping device permits the optimizing system 
to function as an ideal gradient computer. 

With the characteristic previously discussed, 

f(K)=^-^+K 


(ai+5)^=(a,+5)2e-2'/r+e-2‘/i'_ 1 

Eli^ating gives the parameter value at the end of one 
cycle oci in terms of the previous value 

«!={(ao - 5)^+4 <5 e - [S +{(ao - 5f e^*'^ 

This relationship is plotted in Figure J for Oj = 2 with 6 = 1/20 
for diffi^nt values of loop gain xlT. The maximum useful loop 
gam IS limited by the maximum allowable excursion of para- 
meter value. The curve has been terminated at T = 2*87 t 



the optimum operating condition (« = 1) is attained in one step 
with, 8 == 0*05 from a = 2, if T = 0*075 x. No significant para¬ 
meter variations occur in the steady state. Figure 5 illustrates 
the improvement effected by the clamp in increasing the magni¬ 
tude of useful adjustment. 

In this system the maximum gain of the adaptive loop is 
determined by stabili^ requirements. From any initial parameter 
setting, the magnitude of the useful step is directly proportional 
to the gradient and the integrator gain, 1/r. Instability occurs if, 
as the result of one adjustment, the parameter setting overshoots 
the maximum value to such an extent that the new gradient is 
equal to or greater than the initial gradient. This is illustrated 
in Hgure 6. 

fa case (1) the gain of the adaptive loop is higher than 
optimum, so that from the initial operating point O successive 
moves are A^, Cj. This oscillatory motion converges to the 
desired final value. With a higher gain, the unstable response 
O Cj results. The limiting case, producing a continuous 
cyclic oscillation, corrwponds to motion OAO, determined by 
the criterion that the initial adjustment from O gives a new 
p^ent of magnitude equal to the gradient at O, restoring the 
initial parameter setting. 


Figure S. The adjustment as a function of gain: («) without clamp ■ 
(p) y^ith clamp 


cowesponding to an excursion over the first half cycle froi 
“ "7 2 to « = 3. The magnitude of the adjustment over tl 
first qrcle is 0*025 under these conditions, fa the steady stat 
% toe parameter fluctuates between the limits 

0*65 < « < 1*36 

(2) Wito the clamp inserted, as shovra in Figure 3, paramete 
excuraon is prohibited between event times 0,2 x, etc. 
ly ehminatmg one disadvantage of the previous system. I 
^ditipn. a more accurate assessment of the slope of the Stati 
Transfer Characteristic is obtained. 

The change in integrator output is given by 


and 


(be 1 . 

dt ~ 


for 0<t<T 


dx 


dt -■j/(“o+^) for t<i<2t 

The change in parameter setting over one cycle is now 



Figure d. Instability with excessive gain 


fa the example quoted 
and the adjustment step is of magnitude 




fastabfaQr will occur from the initial value i: = 2 if the initial 
step change the parameter value such that the new gradirait is 
of mgnitude ^eater than 0*75. That is. for stability, the para- 
metCT value after the first step must be greater than 0*756. The 
maximum gam is thus limited to 0*06 t. 
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It may be noted that for the parabolic Static Transfer 
Characteristic 

/ -K^opt)^ ^ 

the optimum parameter setting is attained after one cycle from 
any initial value if 

T=25-t 

Continuous oscillations occur if the gain of the optimizing loop 
is doubled and oscillations of increasing amplitude result if 

T<5^x 

Thus the most satisfactory gain of the optimizing loop can 
be determined in terms of the maximum slope of the Static 
Transfer Characteristic over the working range. The perturbation 
period, 2 t, is chosen to be as short as permitted by statistical 
considerations, and the perturbation amplitude d is fixed by the 
permissible parameter variation in the steady state, so that the 
remaining variable, r, can be determined®. 

A Multi-channel System 

When two or more parameters are simultaneously adjusted, 
the effect of a change in any one parameter must be distinguished 
from the effect of adjustments introduced into the other channels. 

a two-channel system, this may be realized by using perturba¬ 
tions of the same frequency, differing in phase by 90°. However, 
extraneous phase shifts, which may differ in magnitude for the 
two channels, can introduce serious cross-coupling and instabil¬ 
ity in extreme cases®. 

More generally, each channel employs a different frequency 
of perturbation. The relationship between adjacent frequencies 
must be properly chosen to give a similar speed of response for 
each channel, with sufficiently small beat frequency effects. 
To ensure that each channel operates as rapidly as possible each 
perturbation frequency should be as near as possible to the upper 
frequency determined by statistical limitations. 

Ideally each channel responds independently of the operation 
of the other channels, so that each parameter may be considered 
alone. The analysis of the preceding section is then applicable, 
showing that the adjustment in any one channel is directly 
proportional to the slope &y/b This reduces the performance 
or error measure along the line of steepest descent. 

Analysis shows that a multi-channel system will not, in 
general, adjust the parameters so that the error measure de¬ 
creases along the line of steepest descent. A further feature is that 
the difference between perturbation frequencies may be deter¬ 
mined if the maximum tolerable amplitude of the beat frequency 
term is specified. 

The Behaviour of a Two-channel System 

To show that a two-channel system will not, in general, 
adjust the parameters so that optimization follows the line of 
steepest descent, consider the case where one parameter 
influences the error measure, and in which a second parameter 1 ^ 2 , 
although being automatically adjusted, does not affect this 
measure. 

Due to the automatic adjustment of parameter ATi, the error 
measure will decree with time, as sketched in Figure 7. In the 
second optimizing controller, this error measure is multiplied 
by a repetitive square wave of period 2 Tg. Over any one cycle 



Figure 7. The introduction of false adjustment in parameter 2 


of perturbation, commencing from switching negative, the 
tiine integrd of the product dg -fiK) will always be negative. 
This will adjust parameter J^Tg, introducing a continual departure 
from the line of steepest descent. 

Assuming, for the purpose of this analysis, that the error 
measure changes uniformly with time, so that 

dt aiCi dt '^dK2 dt 

then, from eqn (3), the mean rate of change of parameter setting 
with time due to synchronous rectification of the effect of the 
corresponding perturbation is 

0 / 

df T dK, 

Due to the continual change of error measure with time this is 
modified to 

dK, _^ 8 / T, 

d( T QK, 2 T df 

Eqn (4) enables d//d / to be eliminated, and by substituting 
/ = 1 and f = 2 in the resulting equation gives the rate of 
parameter adjustment 



= - A JL+ JL V 

T dK, dKi 2T^\dK2) 

and similarly for d KJd t 

These solutions enable the angle between the line of steepest 
descent and the trajectory to be determined. At any point in the 
iTg — plane the line of steepest descent makes an angle 6^ 
with the jSTi axis, given by 

tan0^=/2//i 

where 

f «JL f =JL 

dK,' dKi 

The indination of the practical trajectory is 


tan0„= 


dKJdt 

dKJdt'' 


/a ~ + 2 ^ C/i)^ 
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From these equations the angle dj} between the trajectory and 
the line of steepest descent is given by 

This angle is, in general, not equal to zero. 

To evaluate the effect of beat frequency terms it is necessary 
to consider (a) the cyclic changes in error measure due to para¬ 
meter perturbation, and (b) the discontinuous manner in which 
the error measure decreases with time due to progressive 
optimization. 

An exact analysis is tedious, but useful approximate results 
are obtained by considering only the lowest frequency produced 
by intermodulation. Since each adaptive loop includes an 
integrator, the higher beat frequencies are attenuated and the 
obse^ed variation in parameter adjustment is sinusoidal. 

Since the two perturbation frequencies 1/2 and 1/2 are 
chosen to be as nearly equal as permitted, the lowest beat 
frequency is | (1/2 t^) - (1/2 |. 

In general the beat term due to parameter adjustment is 
smaller than that due to parameter perturbation. If the magnitude 
of the parameter adjustment is Hptr cycle, the cyclic adjustment 
may be regarded as the sum of two terms, one varying linearly 
with time, the other a sawtooth wave-form, of perturbation 
fr^uency, of peak amplitude H. The fundamental component 
of this sawtooth is of amplitude H/tz. The perturbation signal 
is a square wave, of amplitode ± (5, with a fundamental com¬ 
ponent 4 d/n. Thus if the adjustment per cycle is smaller than the 
perturbation (H < 6), then the fundamental of the adjustment 
sipal is less than one-quarter the magnitude of the fundamental 
of the perturbation. 

Consider cross-coupling due to the effect of the perturbation 
in one channel being synchronously rectified in the second 
chapel. The perturbation in channel 2 produces a cyclic 
variation in performance measure of fundamental component 



The output of the synchronous detector is the input signal 
multiplied by a square wave (± 1) of period 2 The amplitude 
of the beat frequency term is found by considering that com¬ 
ponent of the output of the synchronous detector due to 
multiplying the input by the fundamental of the square wave. 



Thus the rate of change of parameter 1 is, from eqn (3), 



Considering only the low-frequency components and assuming 



Similarly 



It is seen that the amplitude of the beat-frequency term in one 
channel is directly proportional to the amplitude of the useful 
adjustment in the other channel, and that the low-frequency 
terms are in phase or directly out of phase. When the two 
perturbation frequencies are similar, the amplitude of the 
beat-frequency terms are inversely proportional to this frequency 
difference. The necessary frequency difference can be 
in terms of the tolerable amplitude of the beat-frequency signals. 

For example, if it is required that the peak amplitude of the 
beat-frequency term in channel 1 shall not exceed twice the 
amplitude of the useful adjustement per cycle in channel 2, 
it follows that 





The manner in which the amplitude of the beat-frequenqr 
term varies with the frequency ratio r = cui/cug = Tj/Ti is shown 
in Figure 8. 



Figure 8. The variation ofbeat-frequency component with frequency ratio 


The beat-frequency terms are in-phase or directly out-of¬ 
phase, depending on the relative signs of bf/b Ki and bj]b 
If these two gradients are of equal magnitude, so that Ki and JTj 
are adjusted at equal rates, the beat effect produces no sinusoidal 
divergence from the mean direction of adjustment, but modu¬ 
lates the velocity of adjustment. 

The beat-frequency component produces a maximum 
divergent from the mean direction of adjustment when one 
gradient is zero. The oscillation is observed as a variation in the 
parameter which does not influence the performance indet and 
may thus be unimportant. 
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Experimental Results 

A two-channel optimizing system, with clamps, has been 
applied to minimize the mean square error in a feedback system 
obeying the equation 


Without the sample and hold circuits in both channels the 
optimizing loops are unstable unless their gains are significantly 
reduced. 

Conclusions 


p^tX 


1 1 

(1 + T,p)\i + T2P) 


lKt(e,-9o)-K2Tpdo] 


6i and Oq are the input and output of the system; and K 2 the 
adjustable parameters. 

For stability Ki and must be positive and must lie below 

the parabola in the K 2 — plane given by 


K, 


T L K2T^T2 1 
" Ti + ra T(T, + T2)i 


With representative random inputs the error surface has the 
form of an inverted cone. The minimum is unique and the 
contours of constant mean squared error are substantially 
evenly spaced. The minimum is located without ambiguity from 
any initial misadjustment. 

For the study of optimizing loop behaviour a more interest¬ 
ing surface is produced when the system input is a repetitive 
square wave. Over a large section of the surface. Figure P, the 
contours are well spaced and almost equidistant, but close to the 
stability boundary the contours afe very close, corresponding 
to steep slopes. There are three minima, separated by steep 
ridges. Any of these will be located depending on the initial 
parameter setting, since the optimizing system cannot distinguish 
between absolute extrema and purely local extrema. 

For the trajectories shown, the frequency ratio is r = r^lr^ = 
1*033, giving a predicted beat frequency component equal to 
four times the magnitude of an individual adjustment in the 
alternate channel. 

As predicted, the beat-frequency component produces a 
sinusoidal trajectory when the trajectory is vertical and merely 
ihodulates the velocity of optimization when the trajectory is 
inclined at 45® to the axes. The trajectories do not follow the 
line of steepest descent, as mentioned previously. 


A simple optimizing controller has been described which oper¬ 
ates satisfactorily for single-channel and two-channel systems. 

Analysis of the single-channel system shows the improvement 
introduced by the insertion of a clamp or sample and hold device 
in each optimizing loop. The benefits are a higher maximum 
adjustment per cycle combined with greatly reduced amplitude 
of parameter fluctuation. 

’ A two-channel system is shown to possess cross-coupling 
which introduces a departure of the optimizing trajectory from 
the line of steepest descent together with cyclic parameter 
disturbances. The amplitude of the tolerable beat-frequency 
components limits the minimum frequency difference usable 
in a multi-channel system. Frequency ratios as small as 1*04 are 
satisfactory in a realistic practical example. 

Since quite small frequency differences are necessary, it is 
feasible to construct six-channel optimizing systems allocating 
a different perturbation frequency to each channel, without 
requiring an overall frequency ratio exceeding 2:1. Such a 
system is in development at the moment. 
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Summaty 

The paper gives a description of a multi-channel correlator which has 
been developed by the authors, and theoretical aspects of the system 
are considered. 

The system has the follovnng advantages. First, it is a multi¬ 
channel system, i.e. it calculates several ordinates of the correlation 
function simidtaneously. Secondly, the use of shift devices in the system 
considerably increases the accuracy in obtaining correlation functions. 
This is particularly the case for realizations when the mathematical 
expectation is much greater than the maximum magnitude of pulsa¬ 
tion, which occurs in the majority of industrial control systems. 
Thirdly, the system provides maximiun operating speed and at the 
same time it simplifies the construction of correlators, since the com¬ 
putations are performed without preliminary centring of random 
time series and in this respect storage devices of great capacity are 
not required. These features of the system make it possible to use the 
correlator in self-adjusting control systems. 

The system has been developed on the basis of a theoretical in¬ 
vestigation of the various factors which influence the accuracy of 
computations of the correlation function. 

An upper estimate of the root mean square error is obtained for 
the general case when the mathematical expectation of the random 
process is non-zero. / 

Formula (7) has enabled the authors by means of adopting shift¬ 
ed processes to select the method of computing the correlation 
function which is optimum from the point of view of accuracy and 
operating speed, and also the basic circuit of the correlator itself. 

A description is given of the units and elements of the multi¬ 
channel correlator and block diagrams and circuit diagrams are given. 

In conclusion the procedure for operating the correlator is given. 

Sommaire 

Le rapport donne une description du corrdlateur h canaux multiples 
qui a 6t6 d6velopp6 par les auteurs, et Taspect th6orique de ce systdme 
est pris en consideration. 

Ce. systeme prdsente les avantages suivants: tout d’abord il donne 
la possibilite de calculer simultanement plusieurs fonctions de corre¬ 
lation. Deuxiemement, sa realisation permetun large domained’appli- 
cation, ce qui presente un interdt quand I’expectation mathematique 
est beaucoup plus grande que I’amplitude maximale des pulsations, ce 
qui est souvent le cas pour les systemes industriels. Troisiemement, 
ce systeme fonctionne k une vitesse maximum et en meme temps son 
utilisation est txks simple et ne necessite pas de connaltre au prealable 
la valeur moyenne de la fonction aieatoire ce qui supprime la necessite 
d emmagasiner au prealable un grand nombre de donnees numeriques. 

Ces performances permettent riitilisation de ce correiateur comme 
dispositif d’auto-reglage. H a ete developpe sur la base de retude 
theorique des divers facteurs qui influencent la precision du calcid de 
la fonction de correlation. 

Une estimation maximale de Perretir quadratique moyenne est in- 
diquee dans le cas general d’une expectation mathematique non-nulle 
du processus aieatoire. I^a formule 7 donnee par les auteurs permet 
de choisir la methode de calcul de la fonction de correlation qui soit 


optimale tant au point de vue de sa precision que de la rapidite du 
calcul, ainsi que le circuit fondamental du correiateur. 

Une description est donnee des elements du correiateur k canaux 
multiples. Son schema fonctionnel ainsi que le schema de ses circuits 
sont indiques. 

En conclusion son mode d’utilisation est decrit. 

Zusammenfassimg 

Der Aufsatz beschreibt einen von den Autoren entwickelten Korrelator 
fiir mehrere Kanale und betrachtet die theoretischen Gesichtspunkte 
des Gertltes. 

Das Gerat hat folgende Vorteile: Erstens handelt es sich urn ein 
Mehrkanalsystem, das heifit, es berechnet mehrere Werte der Kor- 
relationsfunktion gleichzeitig. Zum anderen erweitert die Verwendung 
von Einrichtungen mit Vorspannung in dem Ger^t den Bereich zur 
Gewinnung der Korrelationsfunktionen betrdchtlich. Dies gilt be- 
sonders fur solche F^e, bei denen der mathematische Erwartungs- 
wert (Mittelwert) viel grdfler ist als die grdBte Pulshdhe, was in der 
Mehrzahl der industriellen Regelungssysteme vorkommt. Zum dritten 
erlaubt d^ System hdchste Betriebsgeschwindigkeit und vereinfacht 
gleichzeitig den Auf bau des Korrelators, da die Rechnungen ohne 
vorhergehende Unterdriickung des Mittelwertes der regellosen Zeit- 
funktion erfolgen l^n, weshalb Speichereinrichtungen groBer Kapa- 
zitfit entbehrlich sind. Diese Eigenschaften gestatten, das Gerat als 
Korrelator in selbsteinstellenden Regelsystemen zu verwenden. 

Das System wurde auf Grand theoretischer Untersuchungen der 
verschiedenen EinfluBfaktoren entwickelt, die die Berechnungsgenauig- 
keit der Korrelationsfunktion beeinfiussen. 

Fiir den allgemeinen Fall, daB der Mittelwert des Zufallsprozesses 
nicht Null ist, eizielt man eine obere Abschatzung fur den mittleren 
quadratischen Fehler. 

An Hand der Gleichung (7) konnten die Autoren zu Prozessen mit 
emem Mittelwert ungleich Null iibergehen und so eine Methode zur 
Berechnung der Korrelationsfunktion mit optimaler Genauigkeit und 
Geschwindigkeit finden; daraus ergab sich auch die grundlegende 
Schaltung des Korrelators. 

Es werden die Baugruppen und Elemente sowie die Schaltbilder 
und Blockschaltbilder des Mehrkanal-Korrelators beschrieben. 

Eine Betrachtung fiber die Arbeitsweise des Korrelators bfidet den 
AbschluB. 


Up to the present time the circuits of correlators which have 
been described in the published literature suffer mainly from two 
shortcomings; (a) almost all of them are single-channel systems 
which calculate the various ordinates of the correlation function 
in succession; (b) they are designed for evaluating the correlation 
functions of centred tandom time series. 

Owing to the first shortcoming the majority of existing 
systems cannot be used for self-adjusimg control systems since 
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the main requirement which a correlator must satisfy in such 
applications is to provide instantaneous values of the respective 
correlation (co-variance) functions simultaneously. 

The first papers to eliminate this latter drawback^“^ have 
described the principle underlying the computation of several 
points of a correlation function and have shown the use of 
multi-channel correlators in self-adjusting systems. 

The other shortcoming is, however, important owing to the 
additional errors in the computations if 

\Ex(t)\>0 (1) 

where ^ is a symbol for the mathematical expectation and x (t) 
is a realization of a stationary random time series. 

This remark applies particularly to realizations for which 
the mathematical expectation is much greater than the maximum 
magnitude of pulsation: 


Ex (0 P max |:« (0 —Ex (0I 


( 2 ) 


This inequality holds for the processes in the majority of 
industrial control systems, e.g. for catalytic cracking, blast 
furnaces, open hearth furnaces, etc. The systematic error in the 
determination of the correlation functions of such processes is 
made up of an instrumental error and a theoretical error. The 
instrumental error is due to the limited sensitivity of correlator 
elements and to non-linear distortion. 

Owing to inequality (2), in many cases it is impossible to 
‘catch’ the pulsation of the random variable, with the result that 
the centred correlation function has a very large error. Moreover, 
with the large input signals obtained when condition (2) is 
fulfilled, amplifiers and other elements can introduce consider¬ 
able non-linear distortion. The theoretical error of correlation 
function computation is due mainly to the finiteness of the 
integration interval T. 

The superimposition of the two errors can result in centred 
correlation functions for the solution of problems in statistical 
dynamics with such large errors that they cease to be of practical 
use. 

This paper, therefore, seeks to develop the theory of corre¬ 
lators and to describe a system which, with minimum delay and 
acceptable accuracy, will yield the overall correlation function 
in the form of several ordinates at given discrete instants of 
time. 

We will now estimate the theoretical error in the general 
case when the random function contains a constant component, 

i.e. the case when „ 

Ex{t)^0 


Error of the Correlation Function for E oi; (t) # 0 

To compute the correlation function R (t), we use the formula 

Rt WX (< H- t) X (0 dt (3) 

where T=T' — Tmax; 7* is the integration interval; T' is the 
observation interval; t is the time shift; and is the maximum 
time shift. 

This notation has been used for several investigations (e.g. 
Solodovnikov et a/.®) where the error is estimated in evaluating 
R (t) for a finite interval T and Ex (t) = 0. 

Consider now the theoretical error in the general case when 


Ex (t) # 0. By virtue of the finiteness of T, Rt (t) is a random 
function which depends on T, r and on the values of the inte¬ 
grands at the ends of the integration Interval. For a measure 
of the accuracy with which the correlation function is deter¬ 
mined, we therefore take the variance of Rt (t): 


a\i:)=ElRriT)^R(r)T (4) 

Putting z(t) = x(t + t)x (t) and (0) for the correlation 
function of z (t), the. expression (4) is transformed into 

(5) 

Consider now the case when the probability distribution 
of the stationary random function x (t) is Gaussian. 

Expressing Rg (6) in terms of R (t), representing R (t) in 
terms of the centred correlation function 

J?(T)=Jl'(T) + [JSx(Oy (6) 

and given the typical R'(r) 

l?'(T)=Ce"*l‘lcosj5T 


one obtains from formula (5), ignoring terms of the order l/T^ 
the following upper estimate of the mean square error 




From expression (7), it follows that for condition (2) the 
mean square error in the determination of the correlation 
function can be very considerable. 

Formula (7) is of fundamental importance in that it,permits 
selection of the optimum procedure from the point of view of 
accuracy and operating speed for evaluating R (t) on a multi¬ 
channel correlator and makes it possible to work but the 
fundamental circuit of the dqvice itself. 


Method of Evaluating R (r) from [R^oi (t)] on a Multi-channel 
Correlator 

The process of computation on the multi-channel correlator 
can be described in the following terms. The random inputs 
during normal operation of the system are automatically 
recorded on a twin-track magnetic tape and fed to a delay line 
Signals which are delayed by a certain amount are taken from 
each portion of the delay line. 

These signals are fed to electronic multipliers and integrators, 
the outputs of which are vdues of the correlation function 
(Figure i). However, from the point of view of increasing the 
accuracy of the calculations, it is necessary by virtue of formula 
(7) to introduce an additional shifting device into this circuit, as 
shown in Figure L 

It is desirable to select the shift values a and b approxmately 
equal to the mathematical expectations. This is always possible 
because some information is always available about the operation 
of the controlled plant and, in particular, the approximate 
range of variation of the input. Thus, the following method of 
computation can be proposed: 

(I) Find the correlation function Rya^iy) of the shifted 
processes x^(t)^x (t) - a; (t) ^ y (r) - b. 
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Figure 1. Block diagram of the rmdti-channel correlator 

1 delay line; 2, S.4 multipliers; (MD — I) multiplying deulce 0 0,1,..., N—l); 

T ' 

f- Integrator; S,. S,-adders 


p) Determine the mathematical expectations Ex-, (t), Ey, (t) 

of the shifted processes ATi (/), j'l (t). iv/> 

(3) Calculate the correlation function of the centred random 
processes 

x'it)=‘Xi(t)~Exi(t) 


T^20- 



X 


( 9 ) 


where the parameter x is enclosed in the limits 0 < v < 1 and 
related to R' (0) by the relation ^ 


using the formula 

Ktt(T:)=Rytx,(T:)=R^^^^(x)-Eyi (t)Exi (t) (8) 

(4) Find the mathematical expectations of the processes x (t) 
and y (t) by the foimulae 

Ry(t)=Eyi(t)+b 


(Omax X (Omln*]^ 

2 J'X 

T^e parameters « and which characterize respectively the rate 
of d^y and the oscillatory properties of the correlation 
Action, can be related approximately to the upper and lower 
r^uencies of the spectrum of the random processes by the 
relations®: 

( 10 ) 



using the multi-channel correlator as an element of 
»lf-adjustmg system it is advisable to feed back the valu 
Ex (0 and Ey (t) to the input of the device and in the next int 
graton mterval T to use them respectively as the shifts a and 
as c^ be seen from expression (7), the introductic 
of shifting devices makes it possible to calculate thecorrelatic 
fractions of shifted processes fairly accurately and tl 
change-over to the correlation fractions of the input can alwa' 
be carried out. Computations by this method entail no prelini 
nary wntring of random processes. Consequently, maximui 
o^ratmg speed is attained and at the same time the constructio 
of fee correlator is simplified since in this case no storas 
devices of great capacity are required. 

Using the criterion of fee mean square error, fee accurac 
wife wWch fee correlation fraction R'^(r) is calculated ca 
easily be estimated by formula (8). Imposing on oVO) fe 

ranfehon o* (0) ^ 0 05 (0), an estimate of T is given b 

me foUowmg inequality® 


fi)|.w</?<G)high (11) 

We shall now consider fee main units and elements of the 
multi-channel correlator. 


Description of fee Units and Elements of the Multi-channel 
Correlator 

It will be s^n from the block diagram {Figure 1) that the 
^rrelator consists of data input devices, adding devices (bias 
devices), delay lines, a set of multiplying devices, a set of integiat- 
<ievices for sampling the results of computa- 

For on-line computation of correlation functions the data 
mput device is replace^ by standard electrical pickups which 
are mounted on the controUed plant. The shifting devices are 
conventional electrical subtraction circuits. Therefore only the 
mam element of the multi-channel correlator, the delay line, 
IS dealt with here. » / » 
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Delay Line 

The purpose of the delay line is to produce N delayed values 
of the input signal in the form of an electrical voltage. The 
obtainable delay times are determined by the formula 

T = iTj 0 = 0,1,. 

where is the distance in time between adjacent calculated 
ordinates, and N is the number of correlator channels. 

The delay line consists of a tape-motion mechanism, an 
erasing, a recording and 26 playback heads, a recording unit and 
26 playback units. Figure 2 illustrates the motion of the tape in 
the delay line. The time can be varied by replaceable packings 
on the drive shaft. 

To simplify the operation of the drive shaft, 5 (see Figure 2), 
the tape is pressed to the shaft by two rubber rollers, d. The 
magnetic heads are arranged in a circle. A delay roller, 8, and 
a damping roller, 7, are arranged along the path of the tape to 
smooth out variations in tape speed. Guide rollers, 4y are 
provided to prevent transverse displacement of the tape. 

The signals are recorded by pulse-frequency modulation on 
ferro-magnetic tape 6*35 mm in width. The recording unit 
incorporates a d.c. amplifier, a cathode follower, a controlled 
twin-pentode multivibrator and an output cathode follower 
{Figure 5). 

Square frequency-modulated pulses are fed through the 
capacitor Cq and the resistance Rig to the recording head. 
The amplitude of the recording current pulse varies between 


6 



Figure 2 . Block diagram of the delay line 

1 erasing heady 2 recording heady 3 playback headSy 4 guide roUerSy 5 drloeslu^ty 
6 damping rollers, 7 ^ring roller, 8 delay roller 


20 ^ 60 mA by altering the resistance Rj g. The carrier frequency 
is /o = 1,000 c/sec and the maximum frequency deviation is 
A/ = dz 500 c/sec. 

The playback unit is intended for amplifying the frequency- 
modulated signal from the output of the playback head, de¬ 
modulation and filtering of the useful signal. The circuit of the 
unit is shown in Figure 4. It is a three-stage voltage amplifier 
(Vi, Vg, V 3 ) with amplitude limitation, the output of which is 
connected via the differentiating circuit RgCg to the grid of the 
single flip-flop oscillator V 3 . Square pulses of identical amplitude 
and width are fed from the right anode of this oscillator to a 
frequency detector D-2, D-3 and then to a low-pass filter con¬ 
sisting of two RC circuits (R 16 C 7 , R 17 C 3 ) and a twin-T bridge 
tuned to the frequency/o — A/(500 c/sec). 


♦35CV 
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Figure 5. Delay line 


The output cathode follower Vg is intended for obtaining 
"out = 0 at/ = /o (no recorded signal present). The level of the 
input signal is 1^20 mV and the maximum output signal is 
10 V. The circuit includes potentiometers for zero setting of 
and amplification R 24 > which are brought out on to a face panel. 

One recording unit and 13 paired playback units are arranged 
in the lower part of the delay line housing. Its appearance is 
shown in Figure 5. More detailed descriptions of the delay line 
have been published’* 

Multiplier Unit 

The purpose of the multiplying unit is to multiply the 
delayed values of the input signal. The unit incorporates N= 26 
multiplying devices, of which there can be any operating prin¬ 
ciple. In the proposed correlator the multiplier is a non-linear 
resistance in the feedback circuit of a d.c. amplifier. 

Integrator Unit 

The integrator is based on a system in which a capacitor is 
connected in the feedback circuit of a three-stage d. c. amplifier 
with potentiometric coupling between the stages. Similar d.c. 
amplifiers are used in the multiplying devices. 

Sampling Device 

Wilh the lapse of integration time T the inputs of the integrat¬ 
ing unit are disconnected from the rest of the circuits and 


voltages are maintained at their output which correspond to the 
ordinates of the required correlation function. 

When using the multi-channel correlator as an element of an 
automated computer, it is necessary to use a special sampling 
device which represents the results of the computations in the 
form of periodically recurrent electrical voltages (for example, 
in the computation of the spectral density). Figure 6 shows the 
circuit diagram of such a device using a step selector and 
linearization of the result of sampling. 

The essence of the method of linearization is illustrated in 
Figure 7. The function which is to be sampled and which is 
approximated by rectangles (curve A) is shifted by one step of 
the selector (curve B) and subtracted from curve A. The difference 
(curve C) is fed to the integrator (Figure 5), the integration time 
of which is equal to the step time t^. When the selector passes 
to the next contact the input of the integrators is shorted with 
the output (ejection of the result of integration) and the output 
voltage of the integrator (curve D) and the output voltage of the 
phase shifter, 2, are added (4 in Figure 6), The output of the 
adder is the required function E (curve E). The winding of the 
step selector is connected via a relay to the anode circuit of the 
multivibrator for the time scale of sampling the correlation 
functions (5 in Figure 6), The scale is controlled by varying the 
frequency of Ae multivibrator / = 1 /t,. Thus, the duration of 
the curve in time is r = w//, where m is the number of points 
of approximation of the function. 

Operating Procedure 

The input to the correlator consists of the recordings of 
random processes, or of direct indications of the pickups as 
obtained during normal operation of the controlled plant and 
represented in the form of electrical voltages. 

This data is handled in the following way: 

(1) The shifts a and b are set, using preliminary information 
about the nature of the variation of the inputs x (t) and y (t). 
For example, knowing the range of variation of the input, it is 
possible to put 

/»— + +J^min 

2 ’- 2 - 

(2) The maximum scale of the data input is set (the 
gain of the pick-up). 



Figure 6» Sampling device 

i, 2 phase shifters, 3 integrator, 4 adder, 5 multivibrator, 6 step selecto 
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(3) Using «in.max of the delay line, the input coefficient of the 
delay line K^,i is set, taking into account the elimination of 
possible non-linear distortion. 

(4) The gain of the delay line K^i is set by the amplification 
controllers of the playback units. 

(5) The operating frequency band, i. e. the low frequency of 
the spectrum caiow and the high frequency cohigh, is given by the 
preliminary information about the operation of the controlled 
plant under consideration or a similar controlled plant. Using 
the given frequency band we determine the maximum t (T^ax)* 
the integration time T and the number of ordinates of the 



correlation fimction w, calculated in the interval 0 ^ t ^ Tmax®* 
T =-^ T>10t 

i ^ ^ ^max» " ™ ^ J- 

<^low ^ 

The interval T is more accurately determined by formula (9), 
using the criterion of the root mean square error. 

(6) We select the numberofplaybackheadsATwhich take part in 
the computation of the correlation function N^n and the speed of 
the tape V = where S'is the distance between adjacent heads. 

(7) The input coefficients of the multipliers are set. 

Figure 8 shows the random process of pressure in a reactor 
Pj, (per cent). 



T(h) 

0 

0*6 
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2-4 

3 

R(t)(V.)2 
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2-4 
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0*4 
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10 

5-3 

3-9 

2*1 

1-3 
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Figure P. Graphs for the correlation function as calculated on the 
correlator and by a slide rule 

Figure 9 shows the correlation functions by way of comparison 
as calculated on the multi-channel correlator and on a slide rule. 
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DISCUSSION 


P. Jespers, 4 Av. Charles de Lorraine, Belgium 

High order correlation functions can be computed more easily by 
means of the following property: 

given n random bounded variables: x^, Xz...xn 
and n auxiliary random variables: y^, yg • • • J'n 
which satisfy—interindependent 

—independent of the x^ 

—the yi are bounded: — Ai<yiCAi 
(the Ai ^ the bounds of the Xi) 

—P (yd constant between bounds of the yi 
(e.g. the yi^s can be sawtooths, or random series of numbers). 

Defining £4 =-Xi-^ yu and L = 

We prove that: 

1 




SignLf 


To realize an any order correlation it is sufficient to introduc< 
proper delays Tj ... tn-i in the functions Sign Li. 

Advanta^ ( 1 ) Shifting on binary signals only; (2) Multiplicatior 
reduces to the logic operation: Signij© Signi:;,© ...© Signi„. 

Reference 

Jespers, P., Chu, and Feltuos. A new method for computing 
correlation functions. Int. Syny>. Inf. Theory, I.R.E., Brussels (1962) 


A. S. Uskov, in reply 

addri^ following in connection with Professor Jespers’ 

The authors did not set themselves the task of creating a device for 


obtaining moments of high orders. They confined themselves to a 
simpler, and from a practical viewpoint, highly important general task 
connected with obtaining the first two moments. 

Main attention was paid to questions of accuracy, speed of opera¬ 
tion Md simplicity of design. In the authors’ view, the principles and 
cmiuitry (when it is further improved) set out in the paper will find 
apphcation when using the multichannel correlograph as an element 
of an adaptive automatic control system. The authors are grateful to 
Professor Jespers for his valuable comment. 


. iv. lYl. 


iirngineermg uepartment. University of 
Nottingham, Nottingham, England 

lU's not clear if the authors’interest in cross-correlation is a method 
of deterimning the dynamic characteristics of’ industrial control 
retevMt *** **** following remarks are 

f "Ot considered using binary random test signals 

* -± 1 ? Such signals eliminate the need for multiplication; only 

a switching process is necessary. Furthermore, one can show^ that 
when using random signals for a time interval T, the error in the deter¬ 
mination of the cross-correlation function Ryxlr) is inversely pro¬ 
portional to fT. Our experience^ has shown this to be a major source 
Of error. For this reason, Hazlerigg is now using a binary random test 
si^aX especiaUy constructed to have an ideal auto-correlation function. 
The generation of such sequences has been described in the literature®. 

“ digitalized and produces Ryx (r) simultaneously 
for 20 different values of r. 
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COMPONENT RELIABILITY 


Reliability 

A Survey by G. S. GLINSKI, B. S. SOTSKOV and H. S. WEISSMANN 


Introduction 

Reliability is the probability of the fulfilment of the functions 
in a predetermined period of time and was, and still is, constantly 
one of the most important factors which dictated the technical 
suitability of any construction or product. It has long been 
known that a safety margin is necessary to guarantee reliability. 
This expresses itself technically in the various safety factors which 
are introduced in practical calculations. 

The mid-twentieth century is marked by the far-reaching 
technical adoption of systems of automatic control, regulation 
and programming. The possibility arose to control machines 
with the help of other machines, that is, the possibility of auto¬ 
matic apparatus and plant. The complexity of modem technical 
processes prompted the creation of complicated systems of 
automatic control, regulation and programming in which these 
systems have many thousands of electrical, electronic, electro¬ 
mechanical and mechanical elements. 

The complexity of these systems reduced the reliability, which 
fact was intolerable when the high technical and gnomic 
consequences caused by the disturbance of the orderly run of 
technical processes being controlled are viewed. 

The complexity of modem technical aids can be demonstrated 
by the following examples. The control switching for a furnace 
process has up to 1,000 various measuring and automatic 
apparatuses as well as other installations which themselves 
contain around 10^10® electrical and mechanical components 
and constmction parts. Modem calculating machines consist 
of 0*5 X 10^-2*0 X 10^ triodes, 0-2 X 10®-M X 10® resistances 
and condensers and 10’ soldered and connecting positions. These 
facts make it necessary for the problem of reliability to be viewed 
as the most important problem of modem technology, and with 
full justification one calls the reliability problem the number 
one problem of modem technology. 

Scientific, Practical and Economic Problems of Reliability 

The reliability problem is a complex.one, because it brings 
in scientific and practical questions as well as matters of pro¬ 
ductions techniques, conditions of individual projects and 
constmctions, service and economics. The solution of only 
one of these questions cannot be found properly without due 
consideration of the other factors. 

The economic tasks in Teliability problems can be divided 
into the following groups: 


General Mathematical Bases of the Theory of Reliability 

To this group belong: 

General questions 

(1) The establishment of rules of distribution for those 
functions which ensure the reliability of individual types of 
element. 

(2) The determination of the distribution rules for the various 
elements taking account of interdependent effects of the various 
factors. 

(3) The determination of distribution rules for the complexes, 
which embrace the many elements which have reciprocal 
effects. 

(4) The application of the theory of operation to the setting 
up of a suitable standard of reliability for the products, objects 
and systems. 

(5) The selection of sufficiently far reaching boundaries with 
distribution functions and differential test-systems. 

Questions of constructional reliability of the complex or system 

(1) Theory of constructional reliability with independent and 
interdependent characteristics of reliability in the individual 
elements. 

(2) Theory of constructional reliability with the various 
distribution rules on the failure of elements. 

(3) Theory of constmctional reliability of logic grids, and 
the elaboration of new processes of reserve formation, weighing 
processes, control of cross connections and similar applications. 

(4) Constructional processes for the building of a complex 
or system with the highest possible reliability working to pre¬ 
determined costs, weights and similar conditions. 

(5) Constructional processes for the building of a complex or 
system with transition to a ‘fail safe’ condition when individual 
elements fail. 

(6) Constructional processes for the building of a system or 
complex with a pre-requisite degree of reliability keeping costs, 
weight and similar factors to a minimum. 

(7) Elaboration of reliability calculation processes for com¬ 
plex construction: 

(i) By means of standard calculating machines. 

(li) By means of specialist calculating machines. 
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Questions of apparatus reliability 

(1) Investigation of the distribution functions for the failure 
of electrical, electronic and electro-mechanical elements. 

(2) Investigation of the distribution functions for the failure 
of pneumatic, hydraulic and mechanical elements. 

(3) Investigation of the influence of defined physical and 
physico-chemical factors on the reliability of the elements, 
apparatus and appliances. 

(4) Working out of processes for the evaluation and esti¬ 
mation of an individual influence and the common influence of 
defined physical and physico-chemical factors on the various 
t 3 ^es of elements, appliances and apparatus. 

(5) Working out of methods for the evaluation and develop¬ 
ment of elements, individual components and constructional 
parts of appliances and apparatus to a pre-determined degree of 
reliability and duration of life. 

(6) Investigation of the variations of physical, mechanical, 
electrical, magnetic and heat characteristics of natural and arti¬ 
ficial materials with respect to time and various physical and 
physico-chemical factors. 

•nie solutions of the various problems mentioned are found 
by the introduction of the foUowing mathematical methods. 

(0 Mathematical statistics. 

(//) Mathematical logic, relay theoiy. 

(m) Information theory. 

(iv) Coding theory. 

But it also requires a knowledge of the physical and physico- 
chenucal rides which confirm the functional processes of ele- 
inents, appliances and apparatus and also the variation in their 
characteristics and constants under the influence of intrinsic 
and external factors. 

■^e engineering problems of reliability concern questions of 
development, construction, production and those questions met 
with m service. 

Development and constructional tasks 

The reliability of a product, element, appUance, apparatus or 
tystem plays a part in the evaluation and development. The 
choice of the functional principle and layout of apparatus, the 
choice of matenal, the functional conditions of the individual 
TOmpoiients, as well as the selection of permissible boundaries 
for foe influence of external factors are aU very instrumental in 
deciding foe rehability of a product. 

Manufacturing problems 

a import points in foe processes of manufacture of 

a produrt and the factors influencing the functional reliability of 

mSS? 1 ** constants and characteristics of 

matoals employ^, foe selection of permissible mechanical ^ 
* wndihom on processing, the control of foe con- 

nrodnrTti, *^6 finished components of the i 

Sw of assembly and instaflatiOn processes, the « 

setthng-m and foe testmg of foe finished product s 


Through Storage, transport and assembly a certain amount 
^ of the reliability of a product is lost. During operation the prod¬ 
uct regains a part of the lost reliability. A repeat training of the 
product, appliance, apparatus, complex or system is necessary 
after assembly, because here there are possibilities of failure 
which have arisen during storage, transport and assembly. The 
particular problems in service depend on the following: observa¬ 
tion of the functional scope and conditions which correspond 
to the chosen technical medium; periodical testing, investigations 
in service and overhaul. 

With the ever increasing complexity of technical systems 
^ere is also an increase in the complex technical problems 
involved in rapid and sufficient overhaul. The solution of the 
problem depends firstly on the type of automatic specialist 
test and inspection appliance which is used at the time the test 
is brought into operation and which checks the agreement of the 
constants and functional scope of the individual elements and 
system components. Secondly the solution depends on the type 
of automatic control installations and sub-systems which keep a 
continual or periodic check on the correct state of the functional 
scope of the individual system components or give a signal if 
non-permissible deviations occur—i.e. return the system to a 
safe service condition. 

The reduction of the time requirement for the determination 
of a defective element of connection and the period required for 
overhaul and replacement influence of course the raising of the 
degree of reliability or the function of a system. The solution of 
these problems depends as much on the correct design of the 
system and constructional shape as on the organization of the 
care and overhaul during service. 

Economic problems 

llie achievement of a high degree of reliability is bound up 
with the expenditure on excess. This excess can be created 
through foe establishment of reduced working conditions for 
foe individual elements, appliances, apparatus and system 
components; use of materials of higher quality for the elements 
redundance in the system or its individual parts. 

All these ways require certain additional care. The problem 
of foe selection of foe most rational of these variations is from 
me economic point of view essential while still completely ful¬ 
filling the ^hnical requirements of foe system. The solution 
must^so @ve allowance to the attention necessary. The task can 
only be solved as a whole, when the function and meaning of 
every dement, appliance or apparatus in the complete system 
IS Imown and when foe scope of the damage caused by foe failure 
ot foe elements is also known. 


Problems in service 

Before beginning service, products, appliances, apparatus 
TOmpl«« and systems normally go through foe Sges of 
storing, transport, assembly and installation. * 


The Basic Problems 

As bases for deciding the reliability of elements, appliances 
and systems the following should be mentioned; 

• reliability of an element, apparatus or system R (t) 

IS foe probability of fulfilment of foe function throu^ element 
apparatus or system with foe given conditions and functional 
state over a given period of time. 

- P). Reliability F(t) is foe probability of the occurrence 

system in the period of 

J^e ‘differential law, foe closeness of time distribution of 
cases of failure, foe frequentty of occurrence, is given by: 
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JXt)^dF(t)ldt= -dR(t)/dt 

(4) The intensity of occurrence z (t) is given by: 

z (0 = - IIR (t) • dR (t)/dt = / (t)IR (t) 

With constant value of intensity of occurrence z (/) = const 
— A = I/r^ there is an exponential law of distribution R(t) 

(5) The mean duration of failure free function is 

1 

( 6 ) The life duration which corresponds to the failure of half 
of the elements is 

For the exponential law, the value = IM is used which 
corresponds to R (/) = 0*37. 

The Reliability of the Apparatus 

The cases of failure of an element, apparatus or system can 
give a complete ‘catastrophal’, ‘unexpected’ or similar result or 
can give an incomplete ‘gradual’, ‘time’, ‘part’ or ‘conditional’ 
result which is indicated beforehand by the alteration of the 
constants of the element, apparatus or system or its functional 
state or conditions. 

The reliability with exclusive cases of complete failure in the 
continual service of an element is given by: 

In the general case it is assumed that the function 

cannot be negative and for r = 0 has a value of z = z^. 

This condition, in particular, satisfies the function and there¬ 
fore according to Weibull: 




For z (/) = const = A there is the exponential relationship 
(0 = which can be seen to be a special case of the 
Weibull rule for = 1 , y = 0 and l/oc = A. 

The resulting distribution of the life-duration can be ex¬ 
pressed for the Weibull distribution by the series: 

R(t)=Pr(t)-\-Pr(t)+ -f-Pr(0 where PH-... H-Pn = l 

and r (t) is the Weibull distribution. 

Apart from this, for the calculation and estimation of the 
reliability: 

r(f)=const=;i so that = 
and 

The value A depends on the type and characteristics of the 
element and its functional states and conditions. To be able to 
determine A properly it must be known under what conditions 
the function of the element, apparatus or system will wear out. 



Apart from this the value of A is evaluated by testing the 
elements, apparatus or system under nominal functional state 
and ‘normal’ conditions. The variation of A must be considered 
with deviations from real state and conditions and not with 
corresponding trial conditions. One can assume that A — 
^oOpCiQa 0 ••• where Aq is the value of the intensity of failure which 
is evaluated for the nominal conditions with the result Pq; the 
voltage state Fo, etc. and the ‘nonnal’ conditions, the temperature 
00 ° of the surrounding medium, the relative humidity Zg per cent 
etc., api Uo> correction coefficients for consideration of the 
deviations of the actual state and conditions from the function 
of those found by test (Aq). 

The values of the correction coefficients are ascertained by 
tests with various states and functional conditions of the elemen ts 
and presented as graphs or formulae. 

The magnitudes op, a^, Qq are normally expressed by the 
formulae: 

=e“ ; a,=e“‘ ; ao = e” etc. 

In many cases the function of the elements, apparatus or 
system is intermittent or impulse like. The transitional processes 
where switching on and off occurs are often a start for further 
failure. For this the following is valid: 

where: 
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the intensity of failure in the switched-on state with given 
values of the functions scope and the functional conditions. 

^2 the intensity of failure in the switched-oif state with given 
functional conditions. 

is the additional intensity of failure following the switched- 
on and switched-ofF processes. 

N the number of ‘on-off’ switching cycles from the beginning of 
the life duration of the element. 

and ti the durations of the switched-on and switched-off states 
respectively. 

t the period of time from the beginning of the life duration of 
the element. 

f = N/t the frequency of ‘on-off’ switching cycles. 

The value ^ of the additional intensity of failure is partic¬ 
ularly great for contact, thermal and mechanical elements and 



vice versa is meagre for electrical elements such as resistances, 
condensers, transistor appliances and similar parts. The values 
of ^/can be neglected for the majority of the electrical elements 
and because often VCty -f- tj) « 1 and Jig « X^, so the value of 
Fa (t) with impulse service of such elements is essentially more 
meagre than with unbroken service. 

■Rie other categories of reliability of the incomplete failure 
Ri, is different for elements, apparatus and systems with relay- 
effect and the like with continual service. 

For elements, apparatus and systems with relay-effect the 
parameters which are decisive are those \Yhich fix the magnitude 
of the i^uences which are necessary for the transition from the 
rest (switched-off) state to the functional (switched-oh) state and 
from the functional (switched-on) state to the rest (switched-off) 
state respectively. Because of the random factors of this influence 
th^ parameters do not remain constant but assume values 
which lie near the average value of the parameter. Normally, 
under the spread of the values of the parameter which 
the transition of the elements, apparatus or system with relay 
effect from rest to functional states there lies a normal distri¬ 
bution law. Because of this the reliability for the transition of 
the element with relay effect from rest to functional states is 
defined by: 

where Xi is the mean value of the parameter, 
the mean quadratic deviation of the parameter, 


X the magnitude of the influence on the element, apparatus or 
system. 

The reliability of the element with relay effect on transition 
from functional to rest states is analogous with that given by 


Xo 




where Xz is the mean value of the parameter which gives the 
transition from the functional to the rest state, 

A 2 the mean quadratic deviation of the parameter, 

Xq the actual value of the influence on the element. 

It should be seen that the values x^, A^ as well as x^ and A. 
vaiy under the external influences and with depreciation lead to 
corresponding variation in the values R^i and 

Because for the r^trictionless function of an element with 
relay effect, the transition from rest to functional states is govern¬ 
ed by the magnitude of x and the transition from functional to 
rest states with reduction of the influence by the value Xq, the 
functional reliability of the element is given by.* 


The reliability of an element, apparatus or system with relay 
effect for complete or incomplete failure is given by: 

R^RaRb^RaiRbi-Rbl) 

A further aspect concerns the interference stability of an 
element, apparatus or system: 

If, for example, an element, apparatus or system has a double¬ 
signal to transpose, the mean of the two functions Si(t) and 
S 2 (0 in the period of time T, the most favourable case is then 
when S 2 — —Si i.e. the so called ‘Active-pause*. 

An ideal receiver with a noise signal with equal spectrum 
gives on its emitter the quotient signal/noise: 


p = 8Frpo 

where-F is the width of the frequency outlet and the quotient 

signal/noise on reception. 




i::1 


I s2 1=3 
Figure 5 


i = n 


704 






RELIABILITY 


The probability of a single error with normal distribution 
rules is: 




where Z* = 8/8 log Ijq s 0-054 q is approached or with the 
assumption that the speed of transition is 1/r = 8 FqJq then: 


11 P 

Y log—=8 F Pol p =043—=const. 

where Pis the signal strength and Nq is the spectral concentration 
of the noise. According to S. E. Shannon the ability of a con¬ 
tinual channel to emit is: 


C=flog2 (1 -f P/JV)=Flog2 (1 +Po)=Fpo Iog2 (1+^0)''^^ 

p 

= F k=:k — 
where 

Po = 1; 1 and po^O; fe-^log 2 e=1-44 

With the assumption k = 1-44, c = 1*44 PjNo and 

■^log|-0.3C 
org = 10“^*^^^ 

For a passive rest {S^, = 0) the numerical coefficient returns 
toV4- 

The reliability in respect to the transition of the signal through 
the system is given by: 

-10“*^‘31 ^^^0-7 CT 

From tffis the resulting reliability is P = RaR^R^, 

The subject of reliability is somewhat different in considera¬ 
tion of the incomplete failure of the elements, apparatus or 
systems with lasting functions such as transmitters, measuring 
apparatus and the like. Here under reliability, against incomplete 
failure, it is necessary to understand the class of exactness of the 
apparatus. 

Normally the value of the emitter (of the emitter signal of 
a transmitter, of the power factor of a measuring appliance) with 
repeated influence of the same entry magnitude — const, is 
given by a normal distribution law. The magnitude of error of 


the appliance is normally given by di Ay correspondingly ± 3 A 
when A is the mean quadratic deviation. This corresponds to 
Rt> — 0*997. Under the influence of external factors (tempera¬ 
ture, humidity, vibration and the like) as with depreciation there 
occurs a change of the mean value to the value — y + Ay 
and correspondingly the quadratic mean value becomes A^ > A. 
With this, the probability for retaining the previous errors, that 
is, the previous class of exactness under the influence of the entry 
magnitude = const, on the element. 


where 



yi 


j;i=3j-3A,y2=j'+3A 



Figure 6 

The reliability of an element, apparatus or system with con¬ 
tinuous function opposing complete or incomplete failure is 
given by F — Fa (/) F^. 

The investigation of human influence on a control system 
plays a particular and very important role. Here, apart from the 
investigation of the static and dynamic characteristics of the 
human as a part of a control system and the investigation of 
variability of these characteristics on transition from one subject 
to another as well as with alteration of the surrounding condi¬ 
tions, the duration of working time, the evaluation of the func¬ 
tional reliability of the human under the influence of subjective 
influences, the variation of the surrounding conditions, the dura- 
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tion of working,'the height of the stream of information and the 
type of entry of this stream of information (the mode of recep¬ 
tion)—^all these are to be considered. 

These problems have in recent years been considered to be 
of greater value. 

The Structural Reliability of the System 

The main problem of structural reliability consists of the 
evduation of the system’s reliability in the case of complete 
failure, if the system consists of ‘n’ series switched elements or 
of 'm' parallel switched elements. The handling of these problems 
IS at present normally su^sfully dealt with by the assumption 
that the functional reliability of every element is independent of 
the condition and reliability of the other elements. 

If, in a system, there are 'n' switched elements in series whose 
functional reliability with given states and functional conditions 
corr^ponding to Rx,Rz,Ri, so correspondingly the 

reliability of the failure free function of all elements equals 

Ra = RxR2Rz,...,Rn=‘f[Rl 



Figures 


By the earlier assumptions that 
then 

—e-(^i+-^2+A3+. 

or with Xi^X^ = ...Xn then Ra = e-'-“. 

If the system consists of ‘m’ parallel switched elements then 
the probability of failure of every individual element is: 

The probability of failure of the combined system is relative 
to the case of simultaneous failure of all ‘m' elements and is: 

m m 

«=«i- 32.9».=n4'=n(i-«i) 

and the reliability of the system is given by: 

Finally, the reliability for the case with series switching of 
V groups with each‘m’element is: 

i=« r m ■] im„ 

n h - n i^-Rji) = n 

i-lL i-l J t=i 

For a large number of elements or groups of elements in 
series the value of 

e-m 

1 

is negligible. If in fact in a system there are 100 elements each 
with a reUability of Rt = 0-99, then the reliability of the system 
is only Ra = 0-37. 

This fact requires either the raising of R^^—(Xit) or the 
introduction of redundance. 


Redundance 



r~ 

Rj 



- 





-*0—*" 



Rj 




Figure 9 



Figure 10 


The using of redundances is an extremely effective process 
for raising the reliability of a system, and because of this, this 
process finds wide application in practice. However, the appli¬ 
cation of the method requires answers to the following questions. 

(1) What type of redundance is suitable. 

(2) What should be the choice of circuit. 

The simplest form of redundance consists of parallel switch¬ 
ing of similar types of element, so that R^^ R^^ g-~ ,., ji{^_ 

The functional reliability of such a group of parallel-switched 
similar elements is under the condition that the par allel switch¬ 
ing does not alter the functional conditions and thereby change 
the reliability of the elements. 

From this = 0-99; Rj = 1 — 0 01»» with m = 2 the value 
Ri = 0-9999 and for m = 3 the value = 0-99999 etc. 
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If n groups of elements are switched in series, then 

i*i 

or if all elements have equal reliability and 
= m then: 

There is also another possibility for redundance with m 
parallel-switched systems; for this the following is valid: 

Another method of redundance is the switching-in of re¬ 
dundant elements if other elements fail or their essential con¬ 
stants alter. For this, an additional element is necessary such 
that a check is kept on the correctness of the elements sub¬ 
stituted and the redundant elements switched in when necessary. 
In this case for a group of m elements: 

and for a system of n groups: 

In Figure 11 (a), a further type of redundance method is 
shown; it consists of a common element which vigilates over a 
larger number of elements. 

Figure 11 (b), the reliability of such a system with three 
elements is: 

Ri=Rj+3a-Rj)Rj=Rj(3-2Rj) 



Figure 11 a 



Figure 11 b 


and for a system of N like groups: 

If, for example, N = 100 and Rj = 0-99, then Ra = 0-97. 
The relative increase in reliability is then: 

Figure 12 shows the variations of Ra/Fao N) for 

N 2; 10; and oo. From this it can be seen, that for Rf < 0*5 
the redundance is suitable. 



If it is assumed that the additional element had reliability 
m<l then: 

K<mR^O-2Rj)f 

For m = R^, R\ == RaRao- 

Because always Ra < 1, then Ra cannot be better than TtoQ. 

The next step of development of this type of redundance 
shows the switch diagram as in Figure 11 (b). Here there are 
three additional elements each being connected with the func¬ 
tional elements. 

The Balance between Reliability and Economics 

If the cost Co for an apparatus is known (construction price, 
transport and assembly costs) and the cost C& for the service 
time unit of the apparatus, and also the cost Cy for the damage 
through failure of the apparatus, are evaluated, then the equiv¬ 
alent costs for apparatus are: 

C=Co-|-C^t+Cy^ = Co + C^t+Cy (A+Ay) t 

where q = —/) / is the probability of failure. 

An improvement of the quality of the apparatus or the intro¬ 
duction of redundance raises, Co. An improvement of the check¬ 
ing system raises Ct and simultaneously reduces the values of A 
and A'. For every case the most favourable ratio between Co, Cj, 
A and A' can be evaluated to give C its lowest value for the given 
life duration period {f — ^o)* 

If there is an autonomous protection system, which prevents 
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the advent of damage on failure of the system, then, the equiva¬ 
lent costs are: 

C= (Cq + C 03 )+ (Cl, + Q 3 ) t + Cyq^q = 
s(Co+Cj3)+(C3+c„)f+c;(/H-A'/)i 

where C'y = S CpA^t, the equivalent ma^itude of damage 

with respect to the protective effect. 

A few points about Research in the Field of Functional Reliability 

Technical development constantly led to the advancement in 
studies of reliability problems. These were always investigated 
by verifying the required reliability coefScients, by evaluation of 
the dunensions and life^duration of individual components, 
elements, apparatus and machines. 

Manifestly, one of the first steps in the new way of handling 
these problems by statistical methods was by WeibuU who did 
so in the forties while investigating the service reliability of roller 
bewings. Another valuable contribution came from the investi- 
ptions on the considerable life-duration of transformer wind¬ 
ings vnth given demands on its service states and also from the 
investigations into the functional reliability of electrical high- 
voltage discharge. 

As mentioned above, from 1940-50 there grew a strong 
interest in reliability problems, caused by the introduction and 
development of radio-electronic appliances for transition of in¬ 
formation and automatic appliances for checking, regulation 
Md control. The unreliability of electronic circuits necessitated 
investigation into the reliability of individual elements in switch¬ 
ing, in particular of electronic tubes. 

The investigations were carried out by collecting and process- 
ing.statistical data on the functional failure with various states 
and service conditions. 

These investigations were carried out by people like Lasser, 
Reverson, Cook, Mesjacer, Zimin, Levitin and many other 
scientists of various countries. 

In the following years attention began to be given to the 
physical side of the growth in failures of the various types of 
element. 

At Ae same time, investigation was begun into the structural 
reliability of systems which had elements switched in series and 
parallel. Investigations of this type were done by such people as; 
Allen, Tiek, Woodbum, Kao, Siforov, Bruevic, Druzinin and 
others. 

One of the most important leads in the solution of reliability 
problems was by the application of redundances. The essential 
development of the application of redundances was done by von 
Neumann, Pears, Morr, Shannon, Siforov, Sinic, Ju. Kovan, 
Ferveek, BUum and other scientists. 

Another important lead in the solution of rdiabUity problems 
was the reliability of noise stability with transition of informa¬ 


tion. Those responsible in this field were; Shannon, Kotel’nikov, 
CharkeviC and many other research scientists. 

In the years 1948-55 there appeared the first technical stand¬ 
ards for reliability test methods. Since 1954-55 regular meetings 
and conferences have been held on reliability problems. 

Also in this period the first publications have been issued on 
the theory and evaluation of functional reliability of elements 
and systems by such people as: Cheys, Taylor, Chinney and 
Wolsch and others in U.S.A., Malikov, Polovko, Romanov and 
Cuchreev, Astaf’ev and others in U.S.S.R., Dammer and Griifit 
in England. 

Modem work on the functional reliability of elements and 
apparatus are tied up with investigations on distribution rules 
of failure for the various types of element: electrical, electro- 
mwhanical, mechanical, pneumatic and hydraulic appliances 
with various states and functional conditions. 

The most important direction here is the study of the physico- 
cheracal reasons for failure occurrences, because these investi¬ 
gations give the possibility of defining means of construction, 
completion and service which would increase the functional 
reliability of the elements and would also give the rational limits 
and conditions for the introduction of the p-lp.in<>n«^s 

The problems of stractural functional reliability find their 
development primarily through the creation of methods which 
take account of the inter-dependent reliability of joint-switching 
of added elements and which take account of the variation of 
the functional limits and thereby allow for the alteration in 
reliability of the elements on changing the switching-structure 
during fte function. Further, development embraces the struct¬ 
ural reliability and the life-duration of the switching and system 
which consist of elements with various distribution rules. Various 
processes for increasing reliability also find development. Here, 
the methods used are those which are analogous with biological 
systems. The methods are on the one hand bound up with the 
creation of complicated relationships between the functional 
elements and the introduction of assistant elements, and on the 
other hand with the application of adaptive elements and instal¬ 
lation^ which make it possible for every connection with external 
conditions to be evaluated to the requisite and often optimum 
state necnsary for functionally reliable service of the system. 
For this, in some cases it is necessary for the ‘training’ of the 
systems for specific connections with external conditions. A 
particularly interesting lead is the use of adaptive systems with 
test-scanning. 

Problems of the suitability of sub-division of sub-systems 
wiA redundance find necessary consideration. This is particular¬ 
ly important with the application of ‘molecular’ elements. 

The problems of noise stability and informational reliability 
of transition systems also finds further development. Here, the 
definition of noise stability with impulsive interference and the 
evaluation of the best noise-stable and economic code forms are 
important. 
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Summary 

This paper describes the application of redundancy techniques to 
electrohydraulic servomechanisms. Certain principles of redundant 
systems are first discussed and two basic types are defined. These are 
detection-correction systems and majority voting systems. Considera¬ 
tion is then given to the particular design aspects of electrohydraulic 
components which affect their usage in redundant configurations. 
From this, new servo-valve designs are developed for use in each type 
of system. The advantages of these components are shown by de¬ 
scription of their application in three critical flight control systems. 

Sommaire 

La communication d^rit Tapplication des techniques de redundance 
aux servom6canismes 61ectro-hydrauliques. Elle pr^ente tout d’abord 
certains principes relatifs aux syst^mes redondants et elle d^finit deux 
classes de.base pour ces demiers: les systemes k ‘detection-correction’ 
et les systemes k ‘scrutin majoritaire’. Viennent ensuite des considera¬ 
tions relatives aux composants eiectro-hydrauliques du point de vue des 
particularites specifiques qui influent sur leur utilisation dans des con¬ 
figurations redondantes. A partir de \k, on decrit de nouveaux types 
de servovalves destin6es k etre utilisees dans chaque classe de systemes. 
Les avantages de ces nouveaux composants sont mis en evidence lors 
de la description de leur application dans trois systemes de commande 
de vol critique. 

Zusammenfassung 

Dieser Beitrag beschreibt die Anwendung von Redundanzmethoden 
auf elektrohydraulische Nachlaufregelsysteme. Nach allgemelnen Aus- 
fUhrungen fiber redundante Systeme werden zwei grundsStzlich ver- 
schiedene Schaltungsarten beschrleben. Bei der einen wird ein aus- 
gefallenes Element automatisch entdeckt xmd ersetzt. Bei der anderen 
liegen mebrere Elemente parallel, so daO ein ausgefallenes Element 
von den intakten Elementen „fiberstimmt“ wird. Dann werden be- 
sondere konstruktionsbedingte Eigenschaften elektrohydraulischer 
Bauteile besprochen, die deren Einsatz in redundanten Schaltungen 
beeinflussen. Davon ausgehend wurden ffir jede der obengenannten 
Schaltimgsarten neuartige Servoventile entwickelt. Die Vorzuge der- 
artiger Bauteile zeigen sich bei der Beschreibung ihrer Anwendung in 
drei Flugregelsystemen, bei denen es auf Ausfallsicherheit ankommt. 


Introduction 

Critical failures of automatic controls in certain applications, 
notably space vehicles and higji performance aircraft, may be 
catastrophic and cause loss of vast economic investment and 
human life. A number of such control systems include electro¬ 
hydraulic power output elements. The reliability of these elements 
has been adequate for unmanned space vehicles and for manned 
flight where manual override has been practical. Currently 
planned space vehicles and supersonic aircraft will encounter 
certain flight regimes where reliance on manual control, even as 
ah emergency measure, is no longer possible. These requirements 
present the problem of achieving a substantial improvement in 
the reliability of electrohydraulic servo-controls. 

Historically, the reliability of electrohydraulic components 


has been significantly, but gradually, increased through continu¬ 
ing design innovation. However, experience in critical applica¬ 
tions has indicated that the major reliability problem is associated 
with short term, ‘random’ failure due to human error. The 
substantial improvement now needed is therefore much more 
than can reasonably be expected from normal ‘state of the art’ 
design evolution. The recognized solution to this dilemma is 
to resort to parallel redundancy of critical components or systems. 
The application of redundancy techniques to electrohydraulic 
controls is not straightforward because of problems peculiar to 
these components. A number of redundant electrohydraulic 
systems are currently being developed by industry for a variety 
of applications and represent a wide diversity in design approach. 
This diversity can best be appreciated if the basic approaches to 
redundancy are defined and the fundamental redxmdant con¬ 
figurations classified. This background can then be combined 
with knowledge of component characteristics to examine practical 
systems and the limitations encountered in each. This discussion 
leads to the description of new servo-valves and several illustra¬ 
tive systems in which they may be applied to achieve more 
effective reliability by redundancy. 

Oassification of Redundant Systems 

Control system failures may be classed as either passive, 
in which failure removes power from the system, or active, in 
which failure results in uncontrolled application of power to the 
system. Since electrohydraulic systems are susceptible to active 
failures, they require redundant configurations in which the 
failed component is either removed and replaced, or else over¬ 
powered. Mechanization of the former configuration requires 
detecting a failure and correcting it by switching out the failed 
element. Configurations in which the effect of a failed element 
is overpowered depend on the presence of a majority of unfailed 
elements which ‘outvote’ the failure. These alternative techniques 
can be termed ‘detection-correction’ and ‘majority voting’, 
respectively. 

In each of these approaches, three information channels are 
required to perform the necessary logic to contend with a 
failure. Comparison between two channels can detect a failure 
in one or the other. However, second comparison to a third 
channel is necessary to distinguish the failed channel and thus 
permit correction. Similarly, to overpower a failure, a min iimim 
of three channels are required to provide a majority. 

Electrohydraulic power control systems include a number of 
components covering a wide range of power levels and inter¬ 
connected in multiple feedback loops. Redundancy of the higher 
power level components is unattractive due to their weight, and 
is generally not required because they can inherently be made 
more reliable. This choice of the degree of redundancy must 
be considered together with the type of redundancy in order to 
locate comparison and switching points, on the one hand, or to 
locate the voting point, on the other. 
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Detection-Correction 

The simplest configuration for a fully-redundant, detection- 
corr^tion system is shown in Figure 1. The system output, 
provided by an active channel, is compared to the output of a 
reference channel. This comparison consists of a simple algebraic 
summation of opposite polarity variables. The resulting 



Figure 1 


is sensed by a detector, T, having a finite threshold. Thus, if the 
two outputs are different by more than the threshold level, the 
detrctor will produce an output to a correction element, C. 
This, in turn, actuates a switdiover element to change the 
system output to the standby channel. This action may occur as 
the result of a failure in either the active channel or the reference. 
Switchover to the standby channel is appropriate, however, 
unless that channel had previously failed. A second comparison 
of the standby channel to the reference is therefore necessary to 
establish a condition for allowing switchover. The usual require- 
mwt of protecting a system against a single failure can be met 
without this secondary information, but decisions affecting the 
operation of systems with human monitors may be 
by providmg information on the status of the standby channel. 

It is sigmficant to note that, while redundancy has been 
provided for the basic components in the active channel, system 
output is dependent on a common, non-redundant switchover 
element. Further, unique comparison and switchover elements 
are essential to provide effective redundancy. It is therefore 
necessaty that these conunon or unique elements have inherently 
high reliability if any significant improvement in systemreliability 
is to be achieved through redundancy. Fortunately the nature 
of these devices is such that that they can be much simpler than 
the basic control system components, 

An important consideration in redimdant systems is the time 
required to a^mplish correction following a failure, since, in 
some applications, small deviations of the outyut from the correct 
value may be disastrous to the controlled vehicle. This time is 
die sum of the times required to detect failure, to switch to the 
stmdby s^m, and to re-esteblish control. The time to detect 
failure will be directly related to how small the detection 
threshold can practically be made and to the rate of error 
build-up at the detection point. The time required to switch will 
appear as a fixed transport delay, and the time required to 
re-establish control will be rdated to the magnitude of outyut 
deviation from the correct value. In most power control systems, 
the final control element acts as an integrator, so comparison 
at the output will include the integration time lag for any failure 


ahead of the integrator. In addition, the threshold level of an 
output comparator must be high to allow for differences in drifts 
of the active and reference channels. For these reasons it is much 
more effective to make comparisons ahead of the output inte¬ 
gration. Here the time to sense a failme is limited only by the 
dynamic response of the elements ahead of the comparison 
point. 

The foregoing discussion has assumed a reference channel 
which is identical to the active channel. In practical systems an 
analogue computer model of the actual system is sometimes used 
to avoid duplication of heavy and costly control components. 
Comparison of signals between the working system and the 
analogue can yield effective failure indication to the extent that 
the analogue is an accurate model including significant non- 
linearities. However, such a model is complex and thus subject 
to failures in itself. A compromise in the direction of simplicity 
is shown in Figure 2. Here only the output feedback element and 
the input summing point are duplicated to provide the reference 
channel. The inner loop feedback signal, ca, which is effectively 
the error in the outer loop of the active channel if the inner loop 
response is fast, is compared with the reference channel error, 
eR, to provide f^ure indication to a detector, T. This affords the 
desired comparison immediately ahead of the output integration. 



Figure 2 


The threshold of the detector must be set high to accommo¬ 
date static drift levels. However, because of differences in response, 
gain, ^d saturation levels, the input to the detector may 
dynamic^y exceed the pre-set level. False failure indication due 
to transient inputs may be avoided by introducing a dynamic 
lag, but this partially offsets the advantage gained by comparison 
ahead of the output integration. 

The difficulties with model reference may be ovetcome by 
emplo^g the standby system for the primary comparison, with 
provision for an additional comparison to an abbreviated 
reference system. The output of the secondary comparison can 
be ignored until the primary comparator has raceeded its 
threshold, ^so the reference sjretem may be quite non-ideal. This 
configuration is particularly useful where the control syst^n is 
sensitive to load variation, hi the arrangement shown in F^ure 3, 
two^ operating channels are used in parallel to share the load. 
Basic- failure indication is obtained by comparison of these 
channels, and the reference channel identifies which operating 
channel should be shut off. 
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Figure 3 

Majority Voting 

Majority voting redundant systems avoid most of the 
problems associated with the detection-correction systems just 
described. They do, however, require complete triplication of ail 
elements in the redundant portion of the system as shown in 
Figure 4. The outputs, 0 a, 0c, of three control channels are 

summed to provide a common output, 0o. Feedback of the 
common output to each of the three channels is provided 
through three redundant feedback elements. A hardover failure 
in channel A would cause 0 a to go its maximum value, 

00 would then change to a new value 6q A, This incremental 
change in output is fed back to the three input summing points 
and causes changes in 6b and Be of 1/2 (0^ — A), The magnitude 
of the incremental change in output. A, can be made small by 
making the control-loop gain high and limiting 0^ to its smallest 
practical value. This latter condition is restricted by the need 
to provide some maximum value of 0o. Introduction of a gain 
element Kq between the summing point and the output con¬ 
tributes to the overall loop gain, but does not otherwise affect 
the change in output caused by a failure. However, if an 
integration is located at this point, the limit on 0^ can be made 
much smaller, since it no longer directly restricts the maximum 
value of 00- Rather, the limit establishes the maximum output 
rate of change. An additional control loop with integration 
(shown dashed in Figure 4) permits the authority limits at the 
voting point to affect only maximum system acceleration. 

This description of a majority voting system could be 
extended to cover all other possible single failures of the redun- 



I_j 

Figure 4 


dant elements, including passive failure or gain'^ changes of 
forward-loop elements, loss of feedback, or loss of input. Also, 
corrective action is initiated immediately at the onset of a 
failure, and an output disturbance will build up only to the 
extent allowed by the dynamic lags of the control loop. 

The majority voting system has a common element, namely 
the output summer, but it is much simpler than the comparison, 
detection, and switchover elements required by the detection- 
correction approach. Thus, majority voting appears to offer a 
superior redundancy technique. It should be noted that the 
majority voting system does not provide an inherent, discrete 
indication of failure. This indication can only be obtained by the 
use of two comparison and threshold detection elements, but it 
is possible to check out the system by introducing a simulated 
failure into one channel at a time. In the event that one of the 
remaining systems has failed, control will be lost. 

Redundant Electrohydraulic System 

Choice of a redundant system for any real application must 
consider the limitations imposed by physical characteristics of 
the components required. The systems treated by this paper are 
hydraulically operated power controls having low level electrical 
command inputs. The controlled variable is generally position 
and the system therefore includes a displacement feedback trans¬ 
ducer, a summing amplifier, an electrohydraulic servo-valve, 
and a hydraulic actuator. While the output position is necessarily 
a single channel, there may be one, two, or three input channels, 
depending on the degree of redundancy of the input signal. 

Redundant hydraulic pressure sources are commonly 
provided for such systems to protect against pump or related 
failures. Since pressure loss is a passive failure, simple duplica¬ 
tion can provide adequate redundancy. However, operation of 
three information channels ^ from two power sources presents a 
problem. Use of three power sources is generally not desirable 
because of the excessive weight penalty, so other alternatives 
are necessary. 

Similarly, duplication of power output elements imposes a 
weight pensdty. A hydraxilic piston and cylinder are extremely 
simple mechanical parts and can be designed with conservative 
factors of safety, so duplication is often not necessary. In fact, 
doubling the design stress levels for an actuator may require less 
weight than providing two actuators, and may actually achieve 
a greater increase in reliability. One compromise is the tandem 
actuator which represents some weight-saving over two separate 
units and provides isolation of two hydraulic systems to protect 
against a single seal failure. However, the same protection can 
be provided by seal redtmdancy in a single actuator. 

While it may also be possible to limit redundancy of power 
control elements, the delicate instrument nature of feedback 
transducers, amplifiers and the low power level portions of 
servo-valves calls for redundant protection. The essential com¬ 
plexity of these components creates the possibility of random 
failures which cannot be avoided by simple overdesign. The 
servo-valve configurations discussed below offer improved 
means for providing redundancy of these components. 

Redundant Servo-valves 

Several considerations lead to the novel component designs 
presented in this paper. As noted earlier, in detection-correction 
systems it is desirable to have means for comparison just ahead 
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of the integration introduced by the servo-valve and actuator. 
This in effect requires comparison of the servo-valve spool 
position to a reference valve position. 

In majority voting systems a summing point must be provided 
at the output of the redundant portion of the system. Summing 
the output of three pistons is theoretically possible but not 
attractive m^anically. Summing the flow output from three 
seivo-valves is not practical because of the difiiculty of obtaining 
null (»mcidence and the drastic power inefficiency under failure 
conditions. Redundancy of the spool drive is therefore mAimtpA 

In either type of system, it is desirable to mechanize redun¬ 
dancy without introducing additional electrical elements. The 
mechanism to accomplish these requirements is an extension of 
conventiond ‘mechanical feedback* servo-valve design. Most 
state of the art’ electrohydraulic servo-valves consist of an 
electromagnetic force motor driving a force input hydraulic 
amplifier, whicdi in turn drives a four-way valve spool. Spool 
position IS fed back by means of a spring to the force summing 
pcimt to achieve a closed loop. Riga/'c 5 illustrates such a valve 
using a nozzle-flapper hydraulic amplifier. Spool position feed¬ 
back IS accomplished by a cantilever spring extension of the 
flexure-supported armature and flapper member. 

A to provide spool position comparison for 

det^on-wrrection can be provided by dupUcating the force 
motor. hydrauUc amplifier, and feedback spring to form a 
so^ed momtor servo-valve (Patent applied for), as shovm in 
Figure 6. The block diagram of Figure 7 indicates how a 
momtor servo-valve is used in a redundant system. The reference 


channel signal is applied to the monitor force motor and its 
output is summed with an auxiliary feedback spring force to 
provide an input to the monitor hydraulic amplifier. The differ¬ 
ence betw^n actual spool position and the reference appears as 
a differential pressure which may be applied to a spring preloaded 
piston acting as a detector. 

Majority voting can be mechanized by three force motors, 
hydraulic amplifiers, and feedback springs with a single valve 
spool, as shown schematically in Figure 8 (Patent applied for). 
Here, the output flows of the three hydraulic amplifiers are 
summed at the ends of the valve spool. A hardover failure 
associated with one channel will cause a flapper to close one 
nozzle and thus tend to drive the spool from its desired position. 
The feedback and hydraulic amplifier gain can be made sufficiently 
high, however, so that a very small spool displacement is 
required to offset,the failure. An experimental unit, shown in 
Figure has demonstrated the predicted performance as 
shown by the data plotted in Figure 9 (A). 

Typical System Applications 

The systems dealt with below are typical of real applications 
m which the techniques and components presented in this paper 
may be used to advantage. The first system was designed for 
positioning a swivelling, liquid-fuel rocket engine. The second 
example presente a redundant system for controlling liquid 
secondary iiyection to provide thrust vector control of a solid 
rocket motor. The third system was designed to provide a 
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Figure 9 (a) 



redundant stability augmentation actuator for use with a dual 
channel autopilot in a high performance aeroplane. These systems 
use various techniques to provide redundant protection of com¬ 
ponents ahead of the electrohydraulic servos and no attempt 
has been made to present this area of the system design problem. 


Detection-Correction System Using Monitor Servo-valve 

Figure 10 illustrates the use of two monitor servo-valves in 
a detection-correction electrohydraulic servo. This system in¬ 
corporates mechanical feedback of the output piston position. 
The net force input to each hydraulic amplifier represents the 
positional error in the system. Servo-valye A is normally con¬ 



nected to the piston through the switchover valve. A tandem 
piston might also be used, with appropriate changes in the 
switchover valve. In the event of a failure in channel A, the 
error force developed at the A monitor will not correspond to 
the spool position feedback force. If the unbalance exceeds a 
pre-set tolerance, the detector spool will move, causing pressure 
Fa to be reduced below a critical level. This in turn applies an 
operating pressure to the switchover valve. The switchover valve 
will remain in its shifted position, with valve B controlling the 
piston, imtil it is reset by removing system pressure. The function 
of the B monitor is to prevent a switchover if there has been 
a failure in the B channel. This monitor will also prevent 
switching with failure of the reference system, such as loss of the 
reference signal. 

The monitor servo-valve is a simplified reference system and 
subject to erroneous failure indications imder saturation con¬ 
ditions. For example, if the servo-valve is driven hardover by 
a step input to the system, the monitor hydraulic amplifier will 
develop a full pressure output. However, since this will occur in 
both monitors simultaneously, no switchover will occur. It should 
be noted that two servo-valves and detectors are operated from 
independent pressure supply systems, F^ and Pg. The switchover 
mechanism is operated from F^ since switching should not 
occur if Pg is not present. The pressure relay valve serves to 
isolate the two supply pressures and will cause switchover to 
valve B if Pi is lost. 

Three-channel System Using Majority Voting Servo-valve 

Figure 11 shows a secondary iryection control system 
employing a majority voting servo-valve with triple redundant 
inputs, feedback transducers, and valve driving amplifiers. 
The two injector valves are hydraulically interlocked to form 
a single bidirectional control. The supply pressure P to the servo¬ 
valve is obtained directly from the pressurized injectant fluid, so 
redundancy of the pressure system is unnecessary. 

This system shows how majority voting at the output of the 
servo-valve driving hydraulic amplifiers protects against failure 
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Figure 11 


of any redundant element ahead of the valve. For example, if one 
of the A feedback transducers fails, the output of the f hanru.! 
amplifier differs from the B and C channels. The majority voting 
servo-valve overrides the channel A input and causes the servo¬ 
valve spool to be positioned in accordance with B and C inputs 
except for a small error offset. Control of injector valve position 
is essentially unaffected by the failure due to the loop gains and 
intregrations involved. It can be seen that other failures such as 
loss of a command signal, passive or hardover failure of an 
electronic amplifier, opening of a torque motor coil, or clogging 
of a hydraulic amplifier nozzle can all be overcome in a similar 
manner. 


Two-channel System Using Majority Voting Servo-valve 

Figure 12 shows an aeroplane flight control actuation system 
which accepts both pilot mechanical inputs and autopilot 
electrical inputs. The system incorporates a dual tandem servo¬ 
valve and actuator to permit use of two isolated hydraulic 
suppliM. Electrical inputs from a dual channel redundant 
autopilot are converted to a mechanical displacement by tandem 
pistons, each driven by a pair of hydraulic amplifiers. This 
displacement is summed with the pilot input to drive the servo- 
v^ve spool. Identical electrical inputs are normally present, but 
with an autopilot failure, one channel is shut off and the output 
of the other is doubled. Summing of the electrical inputs is 
accomplished by applying each to separate coils on the force 
motors. A failure of any one hydraulic amplifier is overcome 
by action of the other three. In the event of a hydraulic supply 
failure two of the hydraulic amplifiers will be inoperative, so 
majority voting is not possible. However, the two remaining 
hydraulic amplifiers continue control with only slightly 
dynamic performance introduced by the drag of the passive 
piston. 

Conclusions 

These examples of actual electrohydraulic system HMignB 
have demonstrated the application of two new servo-valve con¬ 
figurations which use multiple mechanical feedback of valve 
spool position for redundant control. One is suitable for use 
in detection-correction systems, while the other provides an 
improved means for achieving majority voting. Either approach 
to redundancy may be favoured for use in any particular 
application. However, comparison of the complex auxiliary 
nOn-redundant mechanism necessary to achieve detection- 
correction with the inherent simplicity of majori^ voting would 
suggest a preference for the latter approach. In either case it is 
felt that the overaU simplicity, and hence reliability, of the 
resulting system is enhanced by the mechanisms presented here. 
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The Reliability of Electronic Components 

G.W. A. DUMMER 


Summary 

Failure rates for components used in some British computers are 
given. The influence of environment is shown by comparison of these 
figures with those of unclassified military equipments. A table of 
failure mechanisms of components at high temperatures, high humidi¬ 
ties, together with typical examples of long-term changes in component 
parameters is also given. Reliability evaluation of fixed resistors is 
being carried out by programmed testing machines and results of tests 
on 24,000 resistors are quoted. 

Techniques for improving the effective reliability of components 
are discussed under three headings: 

(1) Improvement in the quality of conventional components. 

( 2 ) The use of cooling techniques for temperature stabilization of 
components in computers. 

(3) The use of microminiaturization techniques, with close control in 
manufacture, and using high purity materials. 

Sommaire 

Les taux de pannes pour les composants employes dans certains cal- 
culateurs britanniques sont donnds. L’influence de Tambiance est 
montr 6 e par la comparaison de ces chiffres avec ceux de mat 6 riels 
militaires non-d 6 finis. Une table des m 6 canismes de pannes de com¬ 
posants aux temperatures et aux humidity 61ev6es est ^galement 
donn 6 e avec des exemples typiques de variation k long terme des 
param^tres des composants. L’ 6 valuation de la fiabilit^ de resistances 
fixes est realisee au moyen de machines d’essai programm 6 es et les 
resultats d’essais de 24.000 resistances sont cites. 

Les techniques susceptibles d’ameiiorer la fiabilite effective des 
composants sont discutees sous trois aspects; 

(1) L’ameiioration de la qualite des composants conventionnels. 

(2) L’emploi des techniques de refroidissement pour la stabilisation 
de la temperature des composants dans les calculateurs. 

(3) L’emploi des techniques de microminiaturisation avec contrdle 
severe en cours de fabrication et Temploi de materiaux de grande 
purete. 

Zusammenfassung 

Nach einer Betrachtung fiber die Ausfallraten der Bauteile einiger 
Rechner britischer Herkunft wird der EinfluB der Umgebungsbedin- 
gungen durch Vergleich dieser Ziffer mit solchen von nicht geheimen 
mUitfirischen Gerfiten untersucht. Eine Tabelle enthfilt die Ausfall- 
ursachen von Schaltelementen bei hohen Temperaturen und hoher 
Feuchtigkeit sowie typische Beispiele langfristiger Anderungen in den 
Kennwerten. Eine Berechnung der Zuverlfissigkeit von Festwider- 
stUnden wurde mittels programmgesteuerter Prufmaschinen durch- 
gefuhrt; die Ergebnisse der Prufungen von 24000 Widerstfinden liegen 
vor. 

Die MaBnahmen zur Verbesserung der ZuverlSssigkeit von Schalt¬ 
elementen werden unter folgenden Ge^chtspunkten untersucht: 

1 . Qualitatssteigerung der herkdmmlichen Bauteile. 

2. Verwendung von Kfihlungsmitteln zur Temperaturstabilisierung 
der Schaltelemente in Rechnem. 

3. Mikro-Miniaturisierung und strenge Kontrolle bei der Fertigung 
sowie die Anwendung besonders reiner Werkstoflfe. 


Failure Rate Data 

Component failure rate data have been, and are being, collected 
by the Royal Radar Establishment on a number of military and 
commercial equipments in the United Kingdom in an attempt 
first, to correlate the information, and secondly, to try to paint 
a picture of the overall state of electronics reliability on a yearly 
basis. There are many difficulties in collating accurate failure 
rates on computer components. These include wide variations 
in circuit design, date of manufacture (i.e., age) of components, 
manufacturers’ acceptance quality levels, operational ratings 
and many other factors. In these circumstances, the failure rates 
quoted in this paper should be considered as being presented for 
guidance only. Methods of specifying failure rates are not above 
suspicion but the now generally accepted definition in terms of 
per cent failure/1,000 h under operating conditions will be 
used. 

Component failure rates on a large transistorized data-hand- 
ling assembly of computers containing approximately 900,000 
components are given in Table L This table also shows, in the 
last column, the average rate of failure for each class of 
component under air-blown environmental conditions, but not 
temperature stabilized. 

f Data are given in Table 2 of failure rates on nucleonic 
equipments operated under typical laboratory conditions at the 
Atomic Energy Research Establishment at Harwell. The equip¬ 
ments concerned are mainly scalers, counting rate meters, 
amplifiers, stabilized power supplies, etc. Data from over 
4,000 equipments—of 90 different types—^have been analysed 
yearly. 

Fault rate data have been recorded at the R,R,E. since 1944 
on all military equipments subjected to environmental testing, 
and Table 3 shows the position from 1944 to 1960. It will be seen 
that there is a gradual diminution in failure rates, and it wiU 
naturally be appreciated that these are severe environmental 
conditions in which a high failure rate is to be expected. As 
comparatively small numbers of equipments are tested, these 
figures can again only be regarded as indicative. , 

It is obvious from these analyses that the influence of 
environment is most marked. The average failure rates for the 
components mi^t be generalized as 1 per cent/1,000 h for 
unclassified military environments, 0*5 per cent/1,000 h for 
laboratory environments and 0*05 per cent/1,000 h for com¬ 
puters under good environments. 

Failure Mechanisms 

The mechanism of failure depends greatly on the environment, 
being accelerated by running at high temperatures and in high 
humidity. In the latter case, the effectiveness of the sealing is 
paramount. Some work has been done in the United Kingdom 
on ultimate failure mechanisms when components are subjected 
to temperature and humidity extremes and it is useful to con¬ 
sider these in long-term computer design. It should be borne in 


715 



G. W. A. DUMMER 


mind, however, that these are extremes and by running at 
controUed temperatures and humidities these effects are greatly 
reduced. Table 5 summarizes the failure mechanisms of several 
classes of components at temperatures > 100°C and humidities 
of > 95 per cent at 55°C. 

Change in Component Characteristics with Time 

Even when operated under good environmental conditions, 
there is often a change of parameters with time at normal 
operating temperatures. Long term testing periods of many 
thousands of hours are required to show these changes and 
some data have been coUected, in Figures 1 (a\ {b) and (c), show- 
ing tj^ical changes under various temperatures and test times. 


Degradation of Components in Long-term Storage 

Some interesting work is being done in the United Kingdom 
on long-term storage of components at room, zero and sub-zero 
temperatures, on the theory that chemical degradation is a 
function of time and temperature and therefore, that if tem¬ 
perature is reduced, degradation should also be reduced. Many 
component failure processes are chemical reactions. The speed 
of many chemical reactions varies with temperature by a factor 
of 2 or 3 per 10° C. The speed in most instances is governed either 
by the reaction rate (in many processes involving gases or 
liquids), or the diffusion rate (mainly processes involving one 
or more solids). It is now reasonably established that by reduc¬ 
tion of temperature these mechanisms of failure may also be 
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Figure 1 (c). Aluminium electrolytic capacitor (by courtesy of the Mallory Co., U.S.A.) 


Table L Fault Data from R.R.E, Datorhandling Equipment 
(Period 1st October, 1959, to 31st March, 1962) 


Component 

Quantity 

Component 

Failures 

Failure rate 
per cent/1,000 h 



h 

Catastrophic 

Degraded 

Catastrophic 

Overall 

Transistors, all types 

70796 

8706x10' 

168 

264 

0*0192 

0*0496 

Input TS7 

9152 

1134X10' 

18 

19 

0*0159 

0*0326 

Output TS7 

9152 

imxio* 

95 

20 


0*1014 

GTll 

26362 

3086X10' 

28 

189 



OC45 

14204 

1843X106 

14 

7 

0*0076 


OC76 

8352 

1097X10' 

6 

5 

0*0055 

0*0100 

OC77 

1876 

211 X10' 

5 

22 

0*0237 

0*1279 

Other types 

1689 

201 X10' 

2 

2 

0*0099 

0*0199 

Transformers 

13934 

1797X10' 

35 

— 

0*0195 

0*0195 

Capacitors, all types 

97189 

IWlxW 

15 

3 

0*0013 

0*0015 

Metallized paper 

25008 

3227X106 

— 

2 

<0*0003 

0*0006 

Tantalum 

1133 

148X106 

— 

— 

<0*0067 

<0*0067 

Electrolytic 

896 

114x10' 

6 

2 

0*0526 

0*0702 

Polystyrene film 

68385 

8231X10' 

7 

1 

0*00085 

0-00097 

Other types 

1767 

221 x10' 

— 

— 

<0*0045 

<0*0045 

Diodes, all types 

277210 

33734x10' 

64 

65 

0*0019 

0*0038 

CV448 

242100 

29404x10' 

36 

49 

0*0012 

0*0029 

OR 10 

32674 

4072x10' 

21 

12 

0*0052 

0*0081 

Zener 

42 

4x10® 

— 

— 

<0*25 

<0*25 

Silicon 

966 

112X10' 

5 

4 

0*0446 

0*0804 

OR 5 

1428 

1415X10* 

2 

— 

0*0014 

0*0014 

Relay contacts 

9001 

1215 X10» 

2 

— 

0*0016 

0*0016 

Potentiometers 

32 

4X10® 

1 


0*25 

0*25 

Carpenter relay 

216 

16X10' 

67 

_ 

4*1875 

4*1875 

Printed cards 

36071 

4424X10' 

11 

— 

0*0025 

0*0025 

Resistors, all types 

408988 

49969x10' 

12 

— 

0*00024 

0*00024 

Precision wirewound 

1504 

178x10' 

2 

— 

0*0112 

0*0112 

Grade 1 

129659 

15809x10' 

9 

— 

0*00057 

0*00057 

Grade 2 

277825 

33983x10® 

1 

— 

0*000029 

0*000029 

Valves 

972 

93X10' 

15 

— 

0*1613 

0*1613 

Lamps 

3177 

393x10' 

277 

— 

0*7048 

0*7048 

Plugs and sockets 

662112 

80471X10' 

29 

— 

0*00036 

0*00036 

Tags 

441408 

53648X10® 

5 

— 

0*000093 

0*000093 

Contacts 

220704 

26824X10' 

24 

— 

0*00089 

0*00089 

Soldered joints 

2358708 

186775x10® 

74 

— 

0*00040 

0*00040 

Total components excluding plugs and 
sockets and soldered joints 

917586 

112292X10® 

667 

332 

0*00594 

0*00890 
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Flgttre 2. General view of automatic component testing equipment at the Royal Radar Establishment 
(Reproduced by permission of the Controller, H. M. Stationary Office. Crown Copyright Reserved) 


reduced. At the time of writing this paper, pr eliminar y results 
only of the first year’s storage tests are available; these show 
that paper dielectric capacitors and carbon composition 
resistors show reduced changes when stored at — 20‘’C rather 
than at room temperature (+ 15° Q. 

Component ReliabiUty Evaluation by Automatic Testing 

Qu^tative data has been obtained in the United Kingdom 
on individual components by the use of automatic testing 
machines. The equipment shown in Figure 2 is designed to obtain 
statistic data over a wide range of loading and operating 
conations, for a large number of fixed resistors, by automatic 
cyclinfe the programme of test being fed initially on to a tape 
which thereafter controls the entire sequence of operations, 
including the recording of results. This equipment has now 
wmpleted tests on some 24,000 resistors of many types and it is 
interesting to compare the failures of the most commonly used 
component, the fixed resistor, under identical test conditions. 
These are shown in Figure 3, and from this work an order of 
reliabili^ catfbe given in the United Kingdom for the various 
classes of resistor under military conditions. 

Two machine have now been constructed at the Electrical 
Research Association’s laboratories—under contract from the 
Royal R^ir Establishment—to give accelerated testing of 
resistors in batches of 1,200. This method ensures the rapid 
production of faults so ftat the mechanism of breakdown can 
be examined. This is being done by subjecting the resistors to 
three test sequences; one to reveal thermal* expansion faults, 
one to reveal moisture penetration, and one to reveal electro¬ 
chemical corrosion. 


An automatic relay testing machine has recently been con¬ 
structed, in which the contact resistance of a relay is rapidly 
measured under dry circuit conditions (i.e. less than 10 mV open 
circuit voltage) at every operation during a life test of several 
mfllion operations. In 24 h 864,000 operations are carried out, 
with the relay operating at approximately 10 operations/sec. 
The test equipment is transistorized and the only mechanical 
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TYPE 

QUANTITY 

TESTED 

OPEN 

CIRCUIT 

OUTSIDE 

SPECIFICATION 

LIMIT 

TOTAL FAILURE 
RATE 

OXIDE FILM 

TO RCS(PR0V)|I4 

2000 

0 

2 

0.| % 

CARBON COMPOSITION 

6000 

0 

6 

0.| 

OXIDE FILM 

TO RCS 112 

lOOO 

2 

3 

o-s X 

WIRE WOUND 
VITREOUS ENAMELLED 

2000 

M 

36 

a-4s X 

METAL FILM 

3000 

20 

74 

3.13 

CRACKED CARBON 

To,ooo 

541 

1247 

17.88 


Figure 3. (Reproduced by permission of the Controller, H. M. Station- 
Office. Crown Copyright Reserved) 
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Table 2, Summary of Failures (Yearly) on Components in use at the United Kingdom Atomic Energy Research Establishment at Harwell 


Percentage failure per annum 



1949 

1951 

1952 

1953 

1954 

1955 

1956 

1957 

1959 

1960 

1961 

Valves 

4-2 

3-3 

4*7 

4-0 

3*2 

2*5 

4.96 

6*1 

3*4 

2*6 

6*16 

Rectifiers 

6-8 

6-5 

94 

80 

9*1 

6-69 

6*91 

7*58 

7*52 

7*62 

9*46 

Double diode and double triode 

3-5 

3-0 

4*0 

4-2 

4*1 

4*8 

5*42 

7*2 

2*7 

1*574 

0*8 

Pentodes 

5-8 

2-9 

4-2 

2*6 

2*67 

5*6 

5*96 

7*99 

4*09 

2*08 

3*07 

Stabilizers 

1-7 

3*0 

4*5 

40 

4*18 

1*53 

1*56 

1*74 

1*63 

1*36 

1*46 

Miscellaneous 

— 

— 

4-0 

20 

— 

— 

— 

— 

0*6 

0*02 

O-Il 

Resistors 

0*54 

0-27 

0-20 

0*30 

0*39 

0*25 

0*2 

0*21 

0*1 

0*1 

0*13 

High stability 

0*45 

0‘37 

0-30 

04 

0*73 

0*64 

0*45 

0*43 

0*208 

0*12 

0*23 

Carbon composition 

0-65 

0-26 

0-15 

0-24 

0*25 

01 

0*1 

0*09 

0*057 

0*05 

0*06 

Wirewound 

055 

0-16 

0*12 

0-14 

0*3 

0*2 

0*19 

0*17 

0*116 

0*06 

0*05 

Potentiometers 

0-11 

0-26 

0-27 

0-24 

0*22 

0*19 

0*19 

0*19 

0*03 

0*03 

0*06 

Capacitors 

M 

0-19 

0-31 

0-14 

0*16 

0*13 

0*33 

0*36 

0*16 

0*08 

0*07 

Paper 

1-9 

0*20 

0-37 

0-14 

0*22 

0*15 

0*15 

0*11 

0*107 

0*07 

0*07 

Ceramic 

0*45 

0*06 

0-08 

0*14 

0*14 

0*04 

0*04 

0*08 

0*09 

0*06 

0*02 

Mica 

0*18 

0*04 

Od 

008 

0*12 

0*09 

0*03 

0*1 

0*09 

0*05 

0*05 

Electrolytic 

10 

0-71 

0*95 

0‘3 

0*95 

1*11 

1*12 

1*17 

1*74 

0*61 

0*42 

Transformers 

18-0 

2-6 

1‘8 

14 

2*0 

0*9 

0*99 

0*83 

1*03 

0*61 

0*67 

Relays 

1-9 

048 

048 

0-54 

0*52 

0*3 

0*4 

0*62 

1*37 

0*98 

0*74 

Switches 

0*88 

0*31 

045 

0*32 

0*22 

0*2 

0*22 

0*19 

0*92 

0*13 

0*16 

Chokes 

M 

0-17 

0*23 

— 

0*16 

0*12 

0*12 

0*17 

0*92 

0*16 

0*25 

Metal rectifiers 

— 

V3 

14 

1*0 

0*61 

0*68 

0*7 

0*35 

0*16 

0*55 

0*20 

Meters 

3-1 

1-5 

0*85 

1*2 

1*28 

0-71 

0*75 

0*65 

0*18 

0*43 

0*13 

Totals (all components) 

1*20 

0-59 

0-72 

1 0*67 

0*65 

0*58 

0*96 

1*05 

0*52 

0*48 

0*42 


devices used are the operation couiiters which show the number 
of coil energizations, number of contact operations and number 
of contact resistance failures. A pen recorder indicates the 
passage of time. 

Results to date show that a miniature two-compartment 
sealed relay designed for use in missiles, and which is to be used 
in automatic landing of commercial air-liners, has a contact 
resistance which never exceeds 30 mO^ while switching low-level 
circuits more than a million times. A single-compartment sealed 
relay was shown to increase its contact resistance by a factor of 
ten, from 20-200 mO, within 300,000 operations under precisely 
the same conditions of test. 

Further machines of this kind are to be used for component 
evaluation ; e.g., an automatic precision potentiometer tester has 
been constructed in which the linearity of a potentiometer can be 
evaluated to an accuracy of 0-05 per cent in approximately 2 min. 

Techniques for Improying the Reliability of Components 

There are three ways of improving the effective reliability of 
components: (1) improvments in the quality of conventional 
components, (2) the use of cooling techniques for temperature 
stabilization of good conventional components, and (3) the use 
of microminiaturization techniques, with close control of 
manufacture using high purity materials. 

Improvements in the Quality of Conventional Components 

The development of a range of high quality components in 
the United Kingdom was originally allied specifically to guided 
missile requirements and placed special emphasis on adequate 
performance of components under vibration and shock. Since 


then it has been found necessary to extend the work on these 
components to include all military requirements as a natural 
corollary to the increasing complexity of military equipments in 


Table 3, Failures of Components in Radar Equipments Under 
Environmental Tests at R,R.E. 


Year 

Total 

Total 

Overall 

components 

failures 

failure % 

Humidity 

1944 

2983 

106 

3*6 

Tests 

1945' 

4759 

137 

2*9 


1946 

1617 

58 

3*6 

K. 114 

Issue 1 

1947 

1472 

67 

4*5 

1948 

1871 

40 

2*1 

1949 

1165 

. 28 

2*4 


1950 

3150 

66 

2*1 


1951 

1984 

19 

1*0 


1952 

693 

16 

2*3 

\ 

1953 

1456 

27 

1*9 


1954 

1644 

25 

1*5 

K. 114, 

1955 

2393 

29 

. 1*2 

Issue 2 

1956 

5033 

43 

0*9 


1957 

3673 

71 

1*9 


1958 

2620 

26 

1*0 


1959 

3028 

22 

0*72 


1960 

3800 

18 

2*0* 


Average 2*1 per cent per approx. 1,000 h 


* Due to one specific equipment design. 
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Table 4 


Component 

Environment 

Effect 

Mechanism of failure 

Resistor, fixed, carbon 
composition, solid 

High humidity 

Increase in resistance (particularly low 
values) 

Decrease in resistance (to ultimate short 

Absorption of moisture causing swelling of 

High temperature 

binder and separation of carbon particles 
Gradual carbonization of binder 



circuit under excessive temperatures) 

Resistor, fixed, carbon 
composition, film 

High humidity 

Small where adequate sealing is given, 
but resistance increases with time to 
eventual 0/C 

Absorption of moisture between film and 
substrate with consequent lifting and 
disintegration of film 


High temperature 

Decrease in resistance, rapid initialiy (flraf 

Drying out of binder 



200 h), progressively less thereafter 

Resistor, fixed, cracked 
carbon 

High humidity 

Depending on sealing, increase in value 
and open circuits 

Electrolysis of film (with d.c.) electro¬ 
chemical corrosion causing gradual 
erosion 

Disintegration of film 


High temperature 

Slight decrease in resistance and possible 
0/C 

Resistor, fixed, wirewound 
general purpose 

High humidity 

Depends on enamel protection; possible 
open circuit 

Negligible 

Electrochemical corrosion of wire with d.c. 

High temperature 

through cracks in enamel coating 

Resistor, fixed, wirewound 
precision 

High humidity 

Highly dependent on sealing, possible open 
circuits 

Corrosion of wire 


High temperature 

Possible short circuit 

Due to insulation breakdown 

Resistor, variable, carbon 
composition, fflm 

High humidity 

Depends on sealing; increase in resistance, 
decrease in insulation resistance and 

(p) swelling of former and binder of track 
{b) erosion of track 


High temperature 

open circuits 

(c) corrosion of terminal connections 

(d) rusting of metals 


DeCTewe in resistance (small) and decrease 
in insulation resistance 

Carbonization of binder and eventu^ biim- 
out of track or distortion of former 

Resistor, variable, carbon 
composition, moulded 

High humidity 

Depends on sealing; increase in resistance, 
decrease in insulation resistance and 
possible 0/C 

Swelling of moulding, corrosion of terminal 
connections, rusting of metals 


High temperature 

Decrease in resistance (small) 

Gradual re-curing of moulding material 

Resistor, variable, wire- 
wound general purpose 

High humidity 

Depends on sealing; possible open circuit 

Corrosion of wire, rusting of metal parts 


High temperature 

Slight increase in resistance 

Ceramic former—negligible 

Plastic former—possible 0/C 

Temjperature coefiScient effect and possible 
distortion of track. Distortion of former 

Resistor, variable, wire- 
wound, precision 

High humidity 

Unless sealed, change in value and 
eventual 0/C 

Corrosion of wire, rusting of metal parts 


High temperature 

Possible change in value and 0/C 

Resolution affected 

Distortion of former 

• 

Capacitor, fixed, impreg¬ 
nated paper 

High humidity 

De^nds on sealing. Possible reduction 
in I.R., eventual S/C 

Absorption of moisture ions into paper 


High temperature 

Possible eventual S/C 

Carbonization of paper 

Capicitor, fixed, mica 

High humidity 

Depends on sealing. Possible decreased 
I.R. and increased power factor 

Moisture absorption by case material 


High temperature 

Initial decrease in I.R. depending on case 
material, followed by cracking and S/C 

Initial re-curing of case noaterial followed 
by charring 
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Table 4 — continued 


Component 

Environment 

Effect 

Mechanism of failure 

Capacitor, fixed, plastic 

High humidity 

Highly dependent on sealing and on di- 

el^ctrlr 

Absorption of moisture ions 



Reduction in I.R. and increase of power 
factor 



High temperature 

Depends on dielectric—Polystyrene softens 
at 85” C, Melinex at 130“ C, Poly¬ 
carbonate at 120“ C, and P.T.F.B. at 
250“ C 

Plastic flow of dielectric 

Capacitor, fixed, glass 

High humidity 

Depends on sealing. Possible reduction 
in I.R. 

Moisture absorption 


High temperature 

Negligible up to 150® to 200® C 

— 

Capacitor, fixed, ceramic 

High humidity 

Depends on sealing and on dielectric 
Possible reduction in I.R., increase in 
power factor 

Moisture absorption 


High temperature 

Depends on dielectric. Decrease in capaci¬ 
tance for high K capacitors. On others 
depends on temperature coefficient 
(+ or —) 

Change in permittivity 

Capacitors, fixed, electro¬ 
lytic, aluminium foil 

High humidity 

Depends on sealing. Possible increase in 
leakage current and loss angle 

Possible deterioration of electrolyte 


High temperature 

Increase of losses above 85® C with con¬ 
sequent heat generation and eventual 
explosion 

Generation of gases 

Capacitor, fixed, electro¬ 
lytic, tantalum foil 

High humidity 

Depends on sealing. Possible decrease in 
I.R. and increased leakage current 

Possible deterioration of electrolyte 


High temperature 

Increase of losses above 85® C. Loss in 
capacitance 

Electrolyte may dry out 

Capacitor, fixed, electro¬ 
lytic, tantalum pellet 

High humidity 

Depends on sealing. Stud types satisfac¬ 
tory; tubular types, possible increase 
in leakage current and reduced I.R. 

Possible deterioration of electrolyte 


High temperature 

Stud type satisfactory to 150® C 

Tubular type limited to sealing method 

Possible seepage of electrolyse 

Capacitor, fixed, solid 
tantalum electrolytic 

High humidity 

Depends on sealing, but effects less than 
in other types 

j 


High temperature 

Satisfactory to 125® C 

— 

Transformer, power, pulse 
and audio types 

High humidity 

Fully sealed—^satisfactory 

Unsealed—-reduction in I.R. and corrosion 
of wires with consequent O/C 

Wire corrosion 


High temperature 

Generally satisfactory to 110® C. Possible 
deterioration of insulation with con¬ 
sequent S/C and burn-out. Oil filled 
types may burst 

Charring of insulation (e.g., paper) 

Inductor and transformer, 
R.F* and LF. types 

High humidity 

Flatter tuning response and ‘Q’ reduced 
Disconnection of leads 

Lowering of insulation resistance 

Corrosion of fine wire 


High temperature 

Mechanical failure. Possible damage to 
ferrite cores 

Melting of wax or polystyrene impregnant 
Loss of magnetic properties 
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Table 4 -- caittinued 


Component 

Environment 

Relay, general purpose 
(unsealed type) 

High humidity 


High temperature 

Relay, general purpose 
(sealed type) 

High humidity 

High temperature 

Switches, toggle types and 
microswitches 

High humidity 


High temperature 

Switches, rotary 

High humidity 


High temperature 

Plug and socket, general 
purpose, multipole 
(subject to handling 
hazards) 

High humidity 


R.F. connectors 


Printed wiring plug 
and sockets 

(Low insertion forces and 
voltages raise problems 
due to surface Him 
contamination) 

Variable capacitor8» 
air spaced 


Variable capacitors, 
trimmers 


Terminals and seals 


High temperature 

High humidity 
High temperature 

High humidity 
High temperature 

High humidity 

High temperature 
High humidity 

High temperature 
High humidity 

High temperature 


meet 


Lowering of coil insulation and eventual 
O/C 

Low I.R, between springs 
Increase of coil resistance 
Change in operating characteristics 
Operate time decreases 
Release time increases 

Depends on sealing. With d.c.. seals may 
deteriorate 

Depends on sealing. With d.c., seals my 
deteriorate 

I Depends on sealing. Rcductiim in LR. 
and corro.sion of mctul parts. Increase 
in contact resistance 
Unstable operation 

Depends tm sealing. Heduciiim in LH. and 
cornwitm t>f bearings and ntetal parts. 
Increase in amtuct resistance 
Unstable operutton 

Reduction of LR. between contacts and 
contacts and shell; corrosion t»f metal 
parts 

Depends on moulding imilerinls hut 
generally reduction in I.K., increase 
of contact resistance 

Loss of power 

Reduction in LR. 

Alteration In V.S.W.R. 

Leakage between printed wiring atnl con¬ 
tacts. Reduction fn f.R. 

Low LR. depending on material 
High contact resistance 


Lowering of LR. and alteration in 
capacitance 

Change in capacitance 

Depends on dielectric 
Ceramic j 

Mica I ptmible change in capacitance 
Plastic i 

Reduction of LR. and change in capaci¬ 
tance 

Glass/metal^Low LR, and possible 
disintegration 
Cemmic metal—Low LR. 

Plastic—Low LR. dt^ndlng on plastic 
Glass and ceramic satisfactory 
Plastic—Icnvcring of LR. 


Meelumhm af fUilttre 


Ahnorption i»f moisture and coriosum lyf 
wire 

Midsture ahsurplioii 
iVmpcratnrc i.iH?Pkicfit dfccK 
RiHluciion of spring tension 


Llectroiyttc vn^rrosioii of seals 
Possible elcctfiilytie citrrosum seals 

Moisture uhsiirpiion 

Rehuatiini spring teimoii 
Absorption $if moisture 


Rclasiafion tif spring lemion 
Absorption of moisture 


Degradation of dieteciric; 
rcfamition of spring Icmion 

Ingress rtf moisture between dickctric 
and case 

Detertoraftoti ttf dteleclric 

Distitrtuin of diekctric 

Absorption of moiiture into base material 

Mechanical distonion, due to rnadetiuate 
curing: warping of pfug-boards; relax¬ 
ation of spring lemicmi 

C*orrosion hetwren dMmllar metals 

Differential expansiem orimlals 

Absorption of moistum Into dtefectrk or 
case 


Ikterioratlon of diektcirk i^ropemes or 
case 

lileetrocfarimieat ccNrroakm with d.c. 

Migration of silver 
Absorption of moi«ur« 

Change In tmierlaf 
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all fields. The programme is based on a full analysis of data 
available on all manufacturers making a particular type of 
component and the selection of one manufacturer whose product 
shows itself to be superior to all others. The product of the . 
selected manufacturer is then subjected to a wide range of tests 
to establish what improvements are necessary to increase its 
reliability still further. Some typical examples of improvements 
made as a result of these tests are given below. 

Moulded Resistive Track Potentiometers —Quality control 
of carbon powder, particle size and distribution of particles 
within the resin mix to improve stability of the resistive track 
and limit shift of resistance under adverse conditions to a 
maximum of 5 per cent. Introduction of hollow solder spills and 
improved method of ‘stagging’ into track to reduce (u) bubbling 
of track around terminations when misuse of soldering iron 
occurs, and (6) strain between terminations and track. A boss 
on the base of the potentiometer to remove a random distribution 
of hairline cracks appearing when clamped to printed boards. 

A different configuration of the wiper to shift resonant frequency 
from 400 c/sec to 3 kc/sec and to reduce contact noise. 

Oxide Film Marginal improvements by a change 

in the protective lacquer and a better end termination cap and 
connection to end wires. 

Wirewound Resistors—An improvement in the uniformity 
of fine resistive wires; better quality control of the protective 
enamel; considerably more inspection points on the production 
line, and collection and analysis of inspection and test data. 

Composition Grade 2 Resistors —A method to obtain better 
alignment of the moulding tools in order that the encapsulation 
was uniformly distributed aroimd the resistive element and to 
fT^f^intain a morc uniform strength factor of end terminations. 

Tantalum Foil Capacitors—An increase in mechanical 
strength of the internal support of the winding. Increasing the 
temperature capability from 85® to 125® C. 

Sintered Tantalum Anode Capacitors —^An improved method 
of mounting of stud to cathode. More uniform distribution of 
silver particles within the cathode cup to eliminate transient 
short circuits at high levels of vibration. Application of a 
vibration test before assembly to remove loose particles. 

On the basis of the data accumulated, a procurement 
specification is written, including quality and process control 
and end product testing, intended to weed out potential failure. 
It also specifies tight limits of Acceptance Quality Levels, 
procurement specifications are then applied to the full production 
line of the manufacturer for an approximate period of 12 months 
to allow him sufficient time to gain experience and to a^umulate 
production data, so that he can maintain the quality of the 
product within the close limits set by the A. Q. L. This programme 
is now being applied to the more recently developed components 
such as oxide film resistors, miniature two-compartment sealed 

relays, solid tantalum electrolytic capacitors, polycarbonate film 

capacitors, etc. Although the specifications are originally written 
around one selected manufacturer for a given product, other 
manufacturers have the opportunity to meet the specification 
by improving their quality to the level required. 

The Use of Cooling Techniques 

In aiming for extreme reliability, it is logical to consider the 
concept of a controlled environment, in which the electronic 


circuits are isolated from external change in temperature, 
humidity, shock, vibration—^and human interference. 

Thermal engineering is perhaps the most neglected part of 
conventional electronic equipment design. Cooling is essentially 
a problem of collecting heat from certain components and then 
transporting it away from the equipment. Air is not very 
efficient for this purpose, and is also inadequate in more severe 
thermal conditions. Liquid cooling is much more effective 
in this respect. 

In the United Kingdom, the indirect liquid-cooling method, 
using a closed circuit, shows much promise as a practical reliable 
method of achieving temperature stablilization (see Figure 4). 
The system has been applied successfully to experimental mili¬ 
tary equipments, and to a commercial data-handling installation. 

The equipment is thermally insulated from its surroundings, 
and an innocuous coolant {CooUmol 4S) is circulated through a 
chassis constructed from roll bonded ducted aluminium. Thus 
the coolant passes close to the heat sources, as near as is possible 
unless resort is made to direct immersion liquid cooling, which 
presents some maintenance problems and a weight penalty. 



Figure 4, Liquid-cooled chassis (Royal Radar Establishment) 
(Reproduced by permission of the Controller^ H. M, Stationery Office. 
Crown Copyright Reserved) 


Whenever possible, heat is transferred by conduction from 
components to chassis; semiconductor devices can be efficiently 
cooled on ducted chassis. 

Quick-release self-sealing couplings are used to connect the 
small bore coolant lines to the equipment, so that units can be 
changed for maintenance purposes without any wet contact. 
Nylon tubing has been used successfully to convey the coolant. 

The possibilities of failure of the cooling system itself have 
been investigated and the inherent reliability is considered to be 
many orders better then the electronics. It is, however, possible 
to duplicate the pump and control valve systems if ever required. 

An interesting life rdiability experiment is being carried out 
on two sets of an established airborne electronic equipment, one 
as normally supplied with air-cooled covers, the other fitted with 
replacement insulated liquid-cooled covers. The equipment was 
operated on a duty cycle of 4 h on, 2 h off. In the first 1,000 h 
of test, the environmental temperature was varied from --40® 
to +55® C, and the heat exchanger rejection fluid was maintained 
at 20® to 25®C. Ten faults occurred in the air-cooled units, only 
one in the liquid-cooled units, and in the latter the circuit 
performance characteristics showed much less variation. 

The transistorized radar display and data-handling system, 
designed by Decca Radar Ltd., is an excellent example of 
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components operating in a controlled environment (see Figure S). 
Test results on the prototype, over a 10,000 h period, fully 
justify the design. With approximately 3,000 components at 
risk, ordy two faults have occurred in this period, during which 
the environmental temperature has ranged from — 5® to 4-45® C, 
and humidity from 10 per cent to 90 per cent. The two faults 
referred to both involved transistors of a type now considered 
obsolescent. 

In this equipment, there is stabilized temperature and con¬ 
trolled humidity at the components, thermal insulation from 
external temperature changes, and locked cabinets to prevent 
^authorized human interference. At the same time, accessibility 
is good for genuine maintenance adjustments. The components 



Figure 5. Liquidrcooled datorhandling equipment 
(by courtesy of Decca Radar Ltd) 


A supply of dry air, a by-product of the refrigerator, is 
provided to pressurize the cabinets slightly and prevent ingress 
of moist air and dust. 

The design approach for this ground equipment is relatively 
simple, yet highly reliable and easily maintained, and offers a 
controlled environment for an electronic equipment that will 
have to operate in a variety of climates. 

The Use of Microminiaturization Techniques 

The reasons for the desired reliability improvement can be 
summarized as: better process control, less processes and purer 
materials. In the United Kingdom two systems have been 
developed; thin film microcircuits by vacuum deposition and 
semiconductor solid circuits. 

Vacuum processes have a number of advantages in that 
conductors, resistors and capacitors can all be laid down by the 
same type of process in similar equipment, thus reducing han¬ 
dling during manufacture. As the process is carried out in a 
vacuum, the deposition takes place under clean conditions and 
m^y of the interconnections can be made in situ^ the exception 
being the connections to active elements and the input and output 
connections. 

It has been decided that a realistic approach to the problem 
of evaluation of microminiature component reliability is a 
combination of small-scale statistical testing, followed by a 
detailed study of all the properties and processes which could 
have a bearing on the ultimate reliability before hnal production. 

A behaviour study is therefore being made entailing the measure¬ 
ment of electrical, chemical and mechanical properties of the 
components. A study is also being made of failure mechanisms 
on large numbers of components under actual operating con¬ 
ditions and also under conditions likely to accelerate failures. 

It is felt that this is a critical phase in the design of the equipment 
and that this is the stage at which weaknesses must be eradicated 

The actual construction of a digital integrator for use in 
guided missile systems is shown in Figure d, and the layout of 
a typical imcrocircuit plate is shown in Figure 7; a failure rate 
of 0-01 per cent/1,000 h per component has been specified. The 
complete equipment consists of some 389 transistors, 1,660 
resistors, 832 diodes and 587 capacitors. 

The pacldng doisKy, including interconnections, adequate 
h^t^ipation, etc,, works out at about 250 components/1 in.*, 
which, with the size of the transistors used at the moment, seems 


are moimted on normal printed boards, having an aluminium 
surround to act as a heat sink for transistors. A number of these 
assembhes slide into a cabinet formed from ducted aluminium 
special p^utions being taken to ensure good conduction 
contact. The external surface of each cabinet is insulated with 
about 1 in. of moulded glass fibre material. Each cabinet includes 
one cuTOTit for tenperature control, using a thermistor sensing 
etoent, and one for humidity. The nominal temperature in 

^l^etis 15 C,mdthroughoutthelO,(A)Ohtest,thetemperature 

^ component does not exceed ± 0*25° C. 

e liquid coolant, in this case a heat transfer hydro-carbon 
oil, IS c^culated on demand from a reservoir store maintained 
at about 5 C. The store is in turn cooled by a smaU domestic 
sealed compressor ^ refrigerator, evaporating at about 2“C 
on a conservative duty cycle. Final heat rejection can be either 
to air or via a liquid-liquid.heat exchanger to water. 





Figure 6, 




Futty seakd module, 1^1^ in. x 1 in, X 2 in. containing half 
adder (by courtesy of Mullard Ltd) 
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Figure 7. Typical microcircuit plate, 3 cm X 2 cm (by courtesy of 
Mallard Ltd) 


to be a reasonable limit of packing density. The consumption 
of the whole unit is approximately 1 W at 6 V. 

The reliability required (i. e., 0*01 per cent failure/1,000 h per 
component), can only be stated quantitatively if measured. The 
confidence with which one can state reliability after having 
tested for it depends on the number of components tested. For 
reliabilities of 0*01 per cent and confidence limits in the 90 per 
cent region, the numbers of components to be tested become 
large and costly (30,000-35,000), based on Biometrica tables. 
A rnore useful approach might be to lower the confidence level 
to, say, 50 per cent when the number to be tested becomes more 
manageable. The test would then be more for a negative result 
than a positive one. Failure on 50 per cent confidence at 0*01 per 
cent would mean that the expenditure on 95 per cent confidence 
testing would have been pointless, whereas success at such a 
confidence level would give the foundation and justification 
for further testing. 

As large-scale production is established, more components 
will become available for reliability testing and hence greater 
emphasis will then be placed on this type of testing. 

Preliminary tests indicate that the weakest link will in all 
probability prove to be the transistors. At present, germanium 
transistors enclosed in metal cans approximately 0*125 in. dia. 
and 0*05 in. thick are being used. Poor reliability could be 
expected from encapsulation failures or failures in the nine 
connections between the semiconductor slice and the thin film 
circuit element. 

Planar or planar epitaxial transistors offer many advantages 
from the circuit point of view and would considerably reduce 
the possible points of failure previously mentioned, in that no 
encapsulation should be required, thus reducing the number 


] of connections between the semiconductor and circuit elements 
and eliminating the old problem of sealing small metal cans. 
Although it is not at present feasible to vacuum-deposit active 
devices, current work on epitaxial growth of semiconductors and 
on space charge limiters and dielectric devices indicates the prob¬ 
ability that active devices will be available within a few years. 

Solid Circuits 

The most promising hope for long-term reliability is by the 
use of crystals of silicon treated to provide resistors and capaci¬ 
tors in addition to transistors and diodes. The technique has 
been previously described and the process is one of precision 
masking, etching and diffusion techniques. As the final circuit 
is one homogeneous material, differential expansions and 
interface connection problems are reduced. The number of 
internal connections is reduced to a minimum and if temperature 
controlled, the reliability should be extremely high. An example 
of a computer built of solid circuits is that made by Texas 
Instruments in the U. S. A., in which 587 solid circuits containing 
the equivalent of 8,500 conventional components, are encom¬ 
passed in a space of 6*3 in.^ weighing 10 oz. This miniature 
computer adds, subtracts, divides, multiplies and provides 
square root functions at a clock rate of 100 kc/sec. 

Redundancy 

One of the main advantages of microminiature techniques 
is that they permit the use of redundancy techniques to their 
full extent. Although not yet fully exploited, this is a technique 
which is considered to be of fundamental importance in both 
the conventional component and microminiature techniques. 
A study of parts redundancy, feedback redundancy and circuit 
redundancy should be very rewarding. 

Conclusions 

The philosophy of temperature stabilization to prolong the 
life of components is strengthened by the known reduction in 
the lives of transistors, resistors, capacitors, etc., when operating 
at temperatures above 15® or 20® C. If ‘worst case’ design of 
circuits is included to permit possible tolerance variations in 
addition to derating and some redundancy, then it is considered 
that the reliability will be as high as possible with conventional 
components. 

If one now adds microminiature techniques, in particular 
solid circuits, with increased redundancy because of the small 
size, uses ‘worst case’ design intelligently and then temperature 
stabilizes the computer, then it is suggested that the maximum 
reliability, as far as can be seen at the moment, will be obtained. 

Reference 
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DISCUSSION 


H. ScHENKEL, Standard Telephones and Radio A,0,, Seestr. S95 
Zurich 2/38, Switzerland * 

The failure rate data for the various components of data-handling 
equipment given in Table 1 of the paper is of great interest particularly 
since it covers so many different components and a fairly large quantity 
of each of them. Does the author have any information on the re¬ 
spective failure rates of germanium and silicon transistors ? Secondly, 
since in Table 1 there were included only 42 Zener diodes resulting in 
an estimate of maximum failure rate, are there any more recently 
gathered data on Zener diodes? And thirdly, concerning diodes other 
than Zener, the table seems to indicate that Si diodes are worse than 
Ge diodes. Would this be the result of different technologies used in 
manufacture of these diodes and are there any recent failure rate data 
on diodes ? 


(2) What is the relation between the speed of increasing and de¬ 
creasing of environment temperature and the failure of components ? 

(3) How is the sampling of the components done in dealing with 
reliability test? 

G. W. A. Dummer, in reply 

(1) I assume Mr. Yen’s question refers to the low temperature stordge 
of electronic components and in reply to his first question, a large 
number of different types of components were stored at temperatures 
of -f 15®C, 0®C and —20®C. The types of components were: 

Fixed Resistors Wirewound 

Carbon composition 
Cracked carbon 


G. W. A. Dummer, in reply 

With regard to the faitoe rates of germanium and silicon transistors, 
I would give the following as being more up to date than those quoted: 
Failure Rates 

Alloy germanium transistors 0*1 % per 1,000 h 
Alloy silicon transistors 0*05 % per 1,000 h 

Planar silicon transistors 0*005 % per 1,000 h 

Similarly, in answer to the question regarding diodes, present fail¬ 
ure rates are: 

Germanium point contact diodes 0*05 % per 1,000 h 
Silicon alloy diodes 0*01 % per 1,000 h 

Silicon planar diodes 0*002 % per 1,000 h 

It mi^t be remembered that these figures apply to a ground-based 
electronic equipment at maximum ratings, and are given as a guide 
only. 

In reply to the last question, the silicon diodes used in the equip¬ 
ment were early samples and present-day results show better reliability 
for silicon planar diodes than any other type. 


P. T. Bellamy, Talstrasse 12, ZollikerbergIZH, Zurich, Switzerland 
Reliability is allied to: 

(1) The education of the engineer using or misusing the compo¬ 
nents, e.g. mounting systems and soldering techniques vsH . 

(2) The policy of the firm producing electronic equipment is also 
referr^ m the quality and relkbiU^ of the final product, e.g. amount 
of environmental testing environment encountered. 


G. W. A. Dummer, in reply 

I ^ not diink Mr. Bellamy is putting a question, but rather stating a 
met, and I would agree entirely that the design engineer plays a very 
important part in detnmining the reliability of the equipment. 

The policy of the firm producing the equipment is also most im¬ 
portant as, m general, it is more costly to produce a reliable product 
than an unreliable one. 


Metallic film, and 

Oxide film types 
and 

Fixed Capacitors Paper dielectric 
Silver mica 


Ceramic, and 
Electrolytic types 

in addition to small assemblies containing transistors, packaged in 
various ways. There does not appear to be any optimum temperature 
ror measurements of data. The increase and decrease of temperature 
is not programmed, but maintained steady at the three temperatures 
given. The long-term storage of transistors has not yet shown any 
Significant result. 


(2) I presume the question refers to the effect of temperature on 
TBtmg of components. It is known that high temperature accelerates 
failure mechanisms in many cases, and I would refer Mr. Yen to an 
artocle published in British Communications and Electronics, June 1963, 
p. 432, in which curves are given of the effects of temperature on fail¬ 
ure rates. 


.. f sampling schemes used in dealing with reliability tests arc 
Specification, which is equivalent to the U.S. 
MIL 105 A. Some useful information on this subject is given in the 

M by G.W. A. Dummer and 

N. Griffin, published by Messrs. Sir Isaac Pitman & Sons, London. 


j. 1.. UARNES, University of California, Los Angeles, U.S.A, 

I would like to say a few words in defence of the proper application 
of mathenutics to reliability control as an answer to Mr. Dummer’s 
qu^on about how to use mathematics in the case of a component 

failure due to the presence of dandruff in it. 

Naturally, mathematics will not handle many of the practical prob¬ 
lems of physics and engineering since it is an abstract approach; never-' 

o of vacuum tubes 

Msembled by women showed up stochastic effects and a 28-day period- 

wiAuJlfTA “alys“ was used. The peak of failure rate 

with the 28-day penod was traced to the menstrual period of the 
women assemblers (who did not wear gloves). 

flf example a correlation with the period 


S. Yen, The Electrical Research Institute, Peking, China 

(1) To how many kinds of electronic components can you apply the 
r^uced-temperatme storage method? What is the optimum temper¬ 
ature? In sending m and taking out components to and from storage, 
how do you programme the increase and decrease of temperature? 
What about the long-term storage of transistors ? 


G. W. A. Dummer, in reply 

I worid like to thank ftofessor Barnes for his example given of failure 

f"/?“f’® operators to wear gloves or finger- 

sSal 'a ^ assembly work. In clean areas, 

special coats, gloves and caps are worn to eliminate human elements. 
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Professor Barnes is quite right and one could do an enormous 
amount of work of correlation on any one of these factors, but this 
would obviously involve doing it over a period of one year to establish 
diurnal and monthly characteristics. 

H. Weissmann, Techn, Hochschule, Welfengarten i, Germany 

As to the reliability of components p ^ Ar, there are for the particulw 
series very different indicated percentages, but not for the error distri¬ 
bution during the total life expectation after manufacture. 



Figure A 


As the curves in Figure A show, there are: 

I Down-time period of elements owing to physical effects 
II Down-time period of elements owing to application 
III Period of constant down-time minimum 

This third period ti — h should be determined more closely, since 
it is here that the period of application has to be chosen. Is there a 
possiblity of a comment on this? 

G. W. A. Dummer, in reply 

Professor Weissmann raises an academic question on two outstanding 
mechanisms of failure; (a) those due to inherent characteristics of each 
type of component; (jb) those due to environment and type of vehicle 
into which the equipment is fitted. 

In general terms (a) is usually, but not entirely, eliminated during 
the early failure period, and (b) will be largely decided during the life 
of the equipment, represented by the useful life period or the constant 
failure rate period A. 

The criterion ti — ^2 can only be established by large-scale, care¬ 
fully controlled tests and this is being done on a modest scale in the 
United Kingdom. 
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B. S. SOTSKOV, I. E. DEKABRUN and L. S. KRIVOROTOVA 


Summary 

Contacts and coils are component parts of many modem automation 
elemente. Operational experience shows that more than 50-60 per 
cent failures of contact switching devices occur because of the contact 
system and about 20-25 per cent because of coils. This requires study 
of the operational reliability of contacts and coils. 

The paper discusses the physical and technical factors, stipulating 
the reliability of contacts and coils. As an example of an electro¬ 
mechanical system having contacts and coils, the electromagnetic 
relay is considered. 

Sommaire 

Les contacts et les enroulements sont des composants de dispositifs 
automatiques modernes. La pratique montre que plus de 50 4 60 pour 
cent des d6fauts qui affectent les relais, proviennent des systfemes de 
contacts, et que 20 k 25 pour cent des d6fauts sont dus aux enroule¬ 
ments. Cette constatation justifie une 6tude de la liability des contacts 
et des enroulements. 

Le rapport passe en revue un certain nombre de facteurs physiques 
et techniques qui influent sur cette fiabilit6, et prend comme exemple 
le cas du relais 61ectro-magn6tique, 


Viele modeme Gerate fur die Automatisierung enthalten als Einzel- 
teile Kontakte und Spulen. Die Betriebserfahrung zeigt, daB mehr als 
50 bis 60% der Ausfalle von Schaltgeraten auf das Kontaktsystem 
zuruckzufuhren sind und ungefShr 20 bis 25% auf die Spulen. Dies 
macht die Untersuchung der Betriebszuverlassigkeit von Kontakten 
und Spulen notwendig. 

In diesem ^itrag wcrden die physikalischen vmd technischen 
Faktoren, die die Zuver^igkeiten von Kontakten und Spulen bedin- 
gra, besprochen. Als Beispiel fOr ein elektro-mechanisches System mit 
Kontakten und Spulen wird ein Schfitz nSher betiachtet. 


Factors Determiiiing the Reliability of Contact Oosure 

The contoct surface is not absolutely smooth, but is covered 
■with projections of differing height and cross section. If the 
probabili^ of failure of an elementary contact, formed by the 
projections of two contact surfaces which are brought together, 
e^als toen if there are M„ elementary contacts; the proba¬ 
bility of failure of the contact as a whole will be defined as 

«= n 

x-i 

or, if ?o is introduced as the mean value of the probability of 
failure of the elementary contact, then 

The number of elementary contacts depends on the force Ps 
with which the contacts are pressed against one another, and 
can be represented in the form 


where JST is a coefficient determined by the nature of the machin¬ 
ing, the state of the surface and the material of the contact. 
Therefore, the probability of failure in the operation of the 
contact is a function of the contact force 


These general propositions match up well with experimental 
findings (see Figure 7, where the relationship shown 

for silver contacts). 

The mean value of the probability of failure for an elementary 
contact can be found as follows. The failure probability gg. 
depends on the pressure p in the following way: 



where o-contort is the stress of contortion of the surface layer 
of the material of the contact, and y is a coefficient determined 



contact surface and the type of machining. 

When 0 the value of 1, while when p-> iTcontort. 

>• 0 . 

Thus the mean failure-probability value equals 


3o = 7 -^ J r 1 dp 

"contortJo L \<^coiitort/J V + l 

and is detained by the properties and type of machining of the 
contact surface. 

Hence the reliability of contact formation, which equals ■ 


depends on the imgnitude of the contact force and the nature 
of the surface of the contact. 

A chmge in the intact force may occur following a variation 
m tte n^thty of the contact springs due to fatigue or over- 
heatmg of the spnng material, and also following a change in 
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the joint travel of the contacts as a result of their erosion in the 
course of operation. 

A change in the state of the surface can occur either in the 
non-working state, because of corrosion, or in the working 
state, under the influence of corrosion and erosion. 


Erosion of Contacts and Variation of Con^ct Force as a Result 
of Erosion 

During the making and breaking of contacts liquid metal 
bridges may form, and electrical discharges might appear. Both 
these phenomena are accompanied by vaporization of the metal 
of the contact, and its transfer from one contact to the other, 
causing erosion of the contact surfaces. The magnitude and 
nature of the erosion depend on the voltage, current and kind 
of load (ohmic or inductive-ohmic) which the contacts are 
switching. When the contacts close, if the current in their 
circuit / is greater than some particular value /qq, there appear 
either ‘short’ electrical arcs or metal bridges. Both these phenom¬ 
ena cause erosion of the positive contact. When the contacts 
open, at very low currents (/ < and voltages {U < t/g), 
where C/g, equal to 270-300 V, is the minimal sparking voltage, 
there is no electrical erosion. With a current I < Iqq and voltage 
U> Uq there appears a spark discharge which causes erosion 
of the negative contact. If /go < / < /q and K< where 4 
and Uq are the minimum current and voltages required for 
arcing, there appear only liquid metal bridges; when Vq < 
U < t/g and /go < / < /g liquid metal bridges appear first, 
and then ‘short’ arcs as well. Both these phenomena also induce 
wear of the positive contact. When /gg < / < /g and 1/ > £/g, 
first there appear bridges, and erosion of the positive cohtact 
occurs, followed by sparking and erosion of the negative contact. 
When I > /g and U > C/g, bridges appear, and the positive 
contact is worn away, and then there appears an electric arc and 
the negative contact is worn. Figure 2 shows the areas of erosion 
of positive ^d negative contacts. The values of/gg, /g, Uq and t/g 
are determined by the material of the contacts and by ambient 
medium. 


If the values of the currents at the moment of making and 
breakmg I are known, as well as the magnitude of the voltage 
on the contact u = where E is the voltage of the 

source and the magnitude of the overvoltage, the point 
with coordinates (i, U) will determine the form of erosion of 
the contact. 

The total erosion Gg over one cycle of operation of the 
contact (making-breaking) can be represented for the positive 
contact in the following form: 

Gg = Gom -h Gqb=+ (^sam] + [GjtfB + G^^j, -f- 

where Gqm = Gmm “h Gsam is the total erosion when the contact 
is made, Ggs = Gmb + Gsab + Gaab is the total erosion when 
the contact is broken. Gmm is the erosion from the liquid metal 



bridges during the making of the contact; Gsam is the erosion 
from the ‘short’ arc during making; Gmb is the erosion from 
liquid metal bridges when the contact is broken; Gsab is the 
erosion from the action of the ‘short* arc during breaking, and 
Gaab is the erosion from the action of the electric arc or spark 
during breaking. Formulae for calculating erosion are given 
in Table 1, 

Irr^pective of the material of the contact and the operating 
conditions, the magnitude of the total erosion Gn over N com- 



(a) 



> L2 > Lg 

(b) 



(c) 


Figure 3, (a) Powerful arc; {b) care; (c) bridge 
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mutations is directly proportional to the number of com¬ 
mutations (Figure 3\ i.e.: 

G^^NGo 

The kind of erosion (bridge, arc, spark), and the type of 
material from which the contacts are made, determine the 
nature of the variation of the contact surface. Bridge erosion of 
noble non-oxidizable metals takes the form of long ‘needles* on 
one contact and narrow cavities on the other. In basic metals, 
on the other hand, because of the oxidation of the molten ends 
of the bridges, the erosion is distributed over the entire contact 
surface in the form of minute ‘droplets* and pits. Arc erosion 
has, for the most part, the form of wide protuberances and 
cavities concentrated at one spot. This paper examines the case 
of concentrated arc erosion. 

Consider a contact of the ‘plane-hemisphere* type, in which, 
as a consequence of erosion, there has been transfer of the 
material of the contact from the hemisphere on to the plane. 
In the process, a protuberance has formed on the plane, and 
a crater has appeared on the hemispherical contact surface. 
It will be considered that both the protuberance and the crater 
have a spherical shape. The volume of the worn part equals twice 
the volume of the spherical segment Gc, with a base radius a, 
equal to the radius of the crater, i.e.: 


where K'G is the part of the metal lost as a result of vaporization 
and spatter. Considering the protuberance to be also a spherical 
segment with height K and base radius a! ait will be found 
that 




h and h can be determined from the equations obtained for G 
and G\ Usually h and h! are less than n, so that 





and 


, 2(\-K^)G 

' =—— 


2a 



Figure 4 


G=2G,=y7ift(3a^+/.2) 

where h is the height of the spherical segment (Figure 4). 

The volume of the transferred part of the metal equals in 
all only _ , 

G=(l-2i:')G 


The contact force Pg will change, and will equal 
PK = PKO-c(2h-h') 

where c is the rigidity of the upper contact spring, Pjco is the 
initial contact force and (2 A — h') the change in the joint 
travel of the contact. 


Table 1. Pelationskips for determination of volume of contact erosion 


No. 

Phenomenon 

causing 

erosion 

Formula for 
determining 
volume of erosion 

Approx, formulae for determining I and q 

Note 

1 

Liquid metal 
bridge 

11 

(d) On making = i when / = 0 

(b) On breaking ^/ 

E 

fland (X are constants of the contact material 
Umeit. Metal-melting voltage 

2 

Short arc 

Gsa “ 

q^E-V. tg* 

(a) On making - - - 

jkx 2 

(b) On breaking when tg<^r 

E 

Ysa Coefficient of erosion with short 
arc 

~ Arc burning time 

g Distance at which arc is struck 

(Ig ^ X 10“^ mm) 

V Speed of approach of contacts 





^ ^ Circuit time constant 

3 

Long arc 

(riu =yLJd 

(a) On breaking, when 

E a—1 

-/T 

"o a 

Vla Erosion coefficient for long arc and 
spark 

/ E 

oc where / = -r is current in the cir- 

cuit before it is broken 

Vo Arcing current and voltage 

4 

Spark 


(a) On breaking, when < t 

B , 

Sparking voltage 

Uj =: (270-330) V 
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Since the erosion of each of the contacts is proportional to 
the number of cycles of operation, the contact force can be 
represented in the following form 


or 

where 


P'k 


^ _ 2 il+K') 

-—2- 


G 


P'k — PK0~K.2^ 


iCj=2cii^ 


7ta^ 


The Influence of Corrosion on Contact Operation 


In the open state a film forms on the surface of the contacts 
under the influence of the action of the ambient medium. All 
metals are susceptible, to differing degrees, to the formation of 
films. On noble metals the reaction is confined to the surface lay¬ 
ers only, and the thickness of the films is 10”^ —10-® cm, while on 
base metals it extends far into the interior, and sometimes turns 
the metal completely into corrosion products. As is known, the 
growth of films can be represented by the following relationships 

for thick films x = (2 Kg c© t)^ 
for thin films x = Knc^t 


where x is the film thickness. Kg is the coefficient of diffusion, 
Kr is the coefficient of chemical afimity of the metal with the 
reagent, Co is the concentration of reagent on the outside of the 
film, and / is the time for which the contact surface is in contact 
with the ambient medium. 

The mean result of the influence of corrosion on the operation 
of the contacts is the need to have a contact pressure p=APk/AS 
greater than the film destruction strength (pf). (S is the area of 
contact.) Only those parts of the contact surface where contact 
pressure pf>p can be considered to be ‘working’ parts. 

In the case of a spherical contact shape, which is the most 
widely encountered and is considered here, the pressure is 
distributed over the area of contact in accordance with the law 


Px^Pmux 


re 


where Pma* is the maximum pressure in the centre of the area 
of contact, and r* is die radius of the areas. 

The radius, r, = rf where the pressure ^ Pf, equals 



and, therefore, the size of the working area of the contact will be 
Sf=nr}=nrl(l—^f^ 

\ i'raax/ 

The portion of the contact force, used for the formation of the 
contact, is 



The pressure p/, required to destroy the films on the surface 
of the contacts, is proportional to the thickness of the films, and 


this thickness, in the case of the so-caUed ‘thick’ films, which 
mainly appear on contacts, is proportional to Vt 
Thus ■ 


and therefore 


PfS>iboh=b2y/t 



Reliability of Operation of the Contact 


It was shown above, that the probability of failures of a 
contact equals 

Taking into account the films on the contact, it will be 



Taking into account the wear of the contacts, i.e., the change 
in the maximum pressure 


where 


Pmax Pmaxo ^Pn 


^Pttaix~^Q^ 


the probability of failures can be represented as 


where ^oo “ is the probability of failures at the start 

of the service life, i.e., when N = 0 and / = 0. 

Expanding into a series, and being limited only to its 
first terms, 

5 — ^00 ” ^ 00 III bfj (1) 

is foimd, where 

n^NIt 

is the frequency of connections, i.e., the number of cycles of 
commutation in a unit of time. 

The reliability of operation of the contacts is expressed as 




For the start of the service life of the contacts, when ^^==0 
and / = 0, 

This value of Rq can be represented as i?o = then for any 
moment of time 


and the value for q can be represented in the form: 


g=l-j?=l-e-'‘(^'>+‘>Sl-[l-A(To+0]=ATo+Al (2) 
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Comparing (1) and (2), it is found that 

^00 = -^^0 




The latter expression can be represented in the form 
A =Jt *4“ Aq 


where 


Aj — 


^=«oo(ln3o)-- 

Pmaxo 

The values of A^ and Ap are expressed via the structural para¬ 
meters of the contacts and the parameters characterizing the 
medium. This is important both for a proper imderstanding 
of the factors which determine the value of the failures A, and 
also for the designing of contacts with a low A. 

It must be emphasized that the expression of A has a term 
which depends on the frequency of connection n. This matches 
up well with relationships for q = /(t, w), obtained experimen¬ 
tally. 


To reduce the probability of damage it is necessary to choose a 
smaller K, depending on the kind of insulation, to reduce the 
tension of the wire during winding and not to take a low 
ratio of the diameter D to cfj. The latter determines the need 
of using, for miniature relays, low wire diameters. 

Considering the change in the insulating material when it 
oxidizes over a time dt, equal to — dm^ to be proportional to 
the quantity of insulating material it is found that 


or 


whence 




dm„ 


In 


dt-\-c 


considering ^ f(t) and when t = 0, gives 

e"<^«^ It whl be found that the magnitude C„ must 
follow the Arrhenius law, i.e. 




e~B/To 


t>eteniiiiiatioii of the Operational Reliability of a Winding and 
its Service Life 

The operational reliability of a winding can be evaluated 
as follows. If on a unit of length of a wire there are n damaged 
spots, the probability of the absence of a short-circuit at these 
spots (i.e., the reliability) equals 

r=rS 

where is the probability of the absence of a short-circuit, 
when /I = 1. When the length of the wire equals L, 

Experimental studies make it possible to establish a link between 
the number of damaged areas n per unit length and the relative 
elongation e in the form 


with the value a = H- eg, where is the relative elongation 
induced by mechanical stresses, and sg is the relative elongation 
induced by thermal stresses. It should be home in mind that 
when winding a wire with diameter dx (where <4 = + 2h, 

d is the dieimeter of the core, h is the thickness of the insulation) 
on to a rod with diaineter i>, in the external layer of the 
insulation there will appear the relative elongations 

e '=— 

D + dx 

If one adds to these the relative elongations induced by the 
tension of the wire during winding 



where S = 7J:df/4, it is found that 


Then, substituting the value Q, 

is obtained. 

For a particular value (wiu/wi^o) it is found that 

In^!.- 

/ 

and for the time required for the given change in the insulation 


j__^gB/To_j gfl/(273+(»®) 

The value mjm^ corresponds to a reduction in the insulation 
thickness such that the specific mechanical stresses and 
therefore as well, become sufficient for a considerable 
increase in the number of damaged spots. 

To the change in the amount of insulating material there 
corresponds a phange in its cross sectipn 

S m„o 


This causes a change in the relative elongations of the insulation, 
since 

P P P 
p" — ” — “ — ZJL — c" 


The value of 




dx d+2h 


D-f-dj Z)-l"d+2h 


will also change because of the reduction of h when the insulation 
ages. However, this change is usually small. This must be borne 
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in mind in the case when ^ 0. The probability of the absence 

of damage in the winding, which equals 

2 ^ _ (Sm/ + Cm" + fi®)* 

can be expressed by a 1 as 



where 

n _ „LK ( em' + fio + «m0«)“l 


X = ln(Lj|^ ^0 


The initial reliability of the winding jRq can thus be determined, 
and its variation with the passage of time. It should be noted 
that the smaller p^, and therefore the higher i?o, and the 
smaller A, i.e., the greater the service life of the winding for a 
given reliability R, 


Determination of the Reliability of the Mechanical System 
of a Relay 

Electromechanical elements, apart from contacts and 
windings, have mechanical parts whose reliability must be taken 
into account when determining the overall reliability of the 
element. Depending on the kind of electromechanical elements 
(electric motors, relays, contactors, magnetic starters), the 
mechanical parts will differ basically, and will therefore require 
their own special consideration each time. In order to explain 
the method used to determine the reliability of a mechanical 
part, an electromagnetic relay will be considered as an example. 

The conditions of actuating a relay can be defined as 


Pe^PM 

(3) 

when 5=5crit 


■sr^-ar) 

(4) 


where is the tractive force of the electromagnetic system' 
Pm are the mechanical counteracting forces, determined by 
the reaction of the contact springs and forces of friction, x is the 
travel of the armature, and S the size of the working air gap; 
at the moment of actuation 5 — ^crit- 

In correctly designed relays the second condition is always 
satisfied. Therefore condition (3) will be examined in detail. 

The tractive force at the mbment of actuation can be 
represented by the expression 

where IJVi, are the ampere turns used to conduct the flux across 
the working air gap, equal to 


The mechanical forces equal 

— 5i^p) ±P/r “/m (^Xp) i P/r 

i=l 

Ci are the rigidities of the springs; Sf are the values of the 
working air gap corresponding to untensed springs; P/r are the 
friction forces, and K is the number of springs (contact and 
return springs). 

It follows from these equations that depends on many 

mechanical (d^p, 5, Q, S^) and magnetic (P J variables, 
the distribution of most of which follows normal or quasi¬ 
normal laws. It can therefore be considered that IW also follows 
a quasi-normal law. This is in good agreement with experimen¬ 
tal findings. 

Consideration will be given to the relationship of the 
actuation reliability of a relay as a function of the number of 
cycles of actuations N and the time I, i.e.: 

It can be considered that 

or, since AIW = A (IW - then when /»' = const., 

AIW = — AIW^^, is obtained. 

In turn it can be considered that 






therefore 


+ ^I^^At\=Ro+AR 

dt J 


Individual terms of this relationship can be found either by 
calculation, in accordance with the reasoning set out above, or 

experimentally. ^ . 

The change in the probability of failures will be determmed 

as — AR, since 

q=(l— 


On the other hand, taking 


it will be found that the value 


IW are the ampere turns created by the winding; Rmc is the 
magnetic resistance of the magnetic circuit, and is the 
magnetic conductivity of the working air -gap. For flat pole tips, 
it equals 




^_ S 


S is the area of the pole tip. 


and therefore 

Aq^XAt^—AR 

The value of the danger of failures X is determined as 


\( Qf 


1 

1 

a/ 0/iy.c.1 

\\pIW,^. 9W ' 

dNj 

1 At 

aiF^ict. at J 


—XeMin-^XcMo 
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and depends upon structural factors, where n = AN/At is the 
frequeno^, i.e., the number of cycles of operations in a unit of 
time. It is thus found that the reliability of operation of the 
electromechanical system equals 

+X,Mo)t 

Evaluation of the Operational Reliability of a Relay 

For engineering purposes it can be taken that, as ind icated 
above, the distribution of the actuation ampere turns follows a 
normal law. This makes it possible, knowing the mean value 
^^act. the standard deviation <r, and having fixed the 
required value of reliability R = Ro. to determine, by naing the 
tables for the function R„ = IfV^Ja), the value of/IF, 

corresponding to ^set reliability Ro- 

The value of varies under the influence of external 
factors—temperature d, humidity Z, accelerations « and 
vibrations /. 

With smaU variations of , induced by each of the 
external factors, it can be consid^ed that 

=Tfv^t. 

and 

<T^ = (T^ + «T| + <r^ + ff2 + 0r2 

where 

and 

are the mean values of the increments of the actuation ampere 
turns, induced by each of the eflfects. 

O’®, cfa and C/ are the standard deviations of the distribu¬ 
tion of the actuation ampere turns and their increments. This 
makes it possible, using the new values of „ and <r, to 
determine the value of ^e operational reliability of the relay in 
the presence of external eflfects 



Analogous reasoning is also valid for the determination of the 
reh^ility of release. It is only necessary to take the value 
and ^and the corresponding mean values of th^ 

increments AlWx^x ®, ^IW^cx z etc., and the standard deviations ' 
z etc. 


The value of the operatiopal reliability of the electromechan¬ 
ical part of the relay, as was shown above, varies with time / 
and as the number of cycles of operation of the relay N in¬ 
creases. This variation of the reliability is approximately ex¬ 
pressed in the form 

p -.p A 

It was shown above that the reliability of operation of 
contacts and windings is also approximately expressed by the 
formulae: 

p ... p A“(^jr+<^iro)f 

and 

P , . — P , 

■t^wlnd -^wind 0 

The overall reliability of operation of a relay can be expressed 
as 

where 

Roi = RrO ^wlnd 0 ReM 0, 

This representation of the operational reliability of the 
relay completely agrees with the findings of an experimental 
determination of reliability. 


Conclusion 

In this paper is demonstrated the possibility of determining 
the reliability of electromechanical elements through their 
structural parameters and the parameters of the ambient 
medium. It has been shown that the reliability of the elements 
varies both with time and also with the number of cycles of 
operation. 

The method expounded above for determining relay reliabil¬ 
ity can also be extended to other electromechanical elements— 
magnetic starters, contactors, various types of relay, electric 
motors, electromagnetic valves, tractive electromagnets, etc. 
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DISCUSSION 


J. L. Shearer, Pennsylvania State University, U,S,A. 

This interesting discussion of the way in which the reliabiUty of 
component is related to the physical behaviour of the materials 
somewhat limited by the need to rely on empirically expressed physic 
characteristics. 

TOe authors do not provide the reader with sufScient backgrour 
on the source of the empirically expressed physical characteristic 
^ecially with respect to random variability from the given curve 
The one reference (to an wUer paper by one of the authors) does m 
seem to be very adequate to cover the wide range of backgroun 
mater^ n^ed to use and evaluate this paper. Certainly the authoi 
must be able to cite at least a dozen references which would help th 
reader who wuhes to use the results of this paper. 


Radar Establishment, Malvern, Wares, 

England 

^uipment has been designed at the Royal Radar Establishment for 
the measmement of the change in contact resistance of relays , with 
number of operations. Reequipment monitors relay contact resistance 
un er dry arcuit conditions (10 mV peak voltage across contacts) and 
o^ratw at ten operations per second, giving a million operations in 
25 h. Some 200,000,000 results are now available, covering a wide 
^e of types, and tests so far carried out indicate that the supposition 
that the mqjonty of failures occur during the first 5,000 operations is 
not valid. 

Have the authors any similar experience of contact resistance test¬ 
ing and, if so, what results have been obtained ? 
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B. S, SOTSKOV, in reply 

The considerations which Mr, Dummer made in his remarks are cor¬ 
rect and refer to those types of relays in the design of which measures 
were taken to decrease the change of parameters in the process of relay 
operation. 

Analysis of a number of relays with long service, particularly the 
relays of type E of the Bell Telephone Mfg. Co. (U.S. A.) confirm these 
points which were mentioned in the paper. 

H. Weissmann, Technische Hochschule, Hannover, Welfengarten 1, 
Germany 

The switching safety of contacts for interrupting and closing of cir¬ 
cuits is dependent on the contact distance and on the velocity of 


contact movement as weJl, Contact erosion could be decreased even 
by moving the arc. Could the authors give any comments on this ? 

B. S. SoTSKOV, in reply 

The methods pointed out were worked out in connection with the 
estimation of reliability of relay operation in direct current circuits 
with voltages from 6 to 220 V (or even up to 500 V). 

This method uses the influence of the distance and speed of mov¬ 
ing contacts to which the electric charge Q which passes through the 
contact gap during discharge is related. 

The method is also correct for a.c.; however, it is necessary to 
adjust the coeflScients accordingly. On this question a special paper 
will be published. 
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A Study of Servomechanism Reliability in Nuclear Reactor 

and Plant Control Systems 


L. A. J. LAWRENCE 

Summary 

The need is strewed for a high degree of reliability in the systems used 
to control plant in order to avoid the economic penalties of plant shut¬ 
down caused by malfunction on the part of the controller, thus bring¬ 
ing the safety devices into operation. 

Consideration is given to the way in which faults may occur and 
the need for redundancy made apparent by comparing the reliability of 
a single-channel controller with that of a multi-channel controller. 

It is shown that to obtain the maximum benefit jfrom redundancy, 
self-monitoring devices must be used to detect malfunctions and to 
initiate a self-adjustment action which involves the prompt removal of 
a channel which becomes faulty. Furthermore, it is shown that further 
improvements in reliability are obtained if repair of a failed channel 
is effected within a certain time limit, the improvement being illustrated 
by means of an example. 

Some attention is given to the behaviour of a reactor when con¬ 
trolled by a number of redundant channels when faults appear, and 
some comparison made between different ways of combining the 
respective channels into a control complex. 

Two types of self-monitoring devices are discussed and compared: 
passive monitors and active monitors. It is shown that while passive 
monitors are effective in detecting faults while the plant is in a 
dynamic state, active monitors may be required for the detection of 
faults, by deliberately disturbing the plant when in a prolonged steady 
state. 

Reference is made to some practical developments which have 
enabled the methods discussed in the paper to be tested on a simulated 
nuclear reactor. This has involved the use of all solid-state devices for 
monitoring, logic, control and simulation. 

Sommaire 

On souligne le besoin d’un haut degr6 de fiabilit6 dans les systtoes 
utilises pour commander des processus afin d’6viter les p6nalit^ dcono- 
miques dues k I’arrfit de la production, par suite d’une panne de Tappa- 
reil de r6glage, laquelle d^clenche les appareils de s6curit6. 

On consid^re la manidre selon laquelle se produisent les d^ficiences 
et Ton fait apparaitre le besoin de redondance en comparant la fiabilit6 
d’un r^gulateur k un seul canal k celle d’un r^gulateur multi-canaux. 

On montre que, pour obtenir le b6n6fice mayimnm de la redon¬ 
dance, il faut utiliser des appareils auto-pilot6s pour d6tecter les 
mauvais fonctionnements et provoquer une action d’auto-adaptation 
qm implique le remplacement rapide d’un canal devenu deficient. Plus 
loin, on montre comment obtenir des am61iorations de fiabilit^ si la 
.r6paratibn du canal incrimin6 est effectu6e dans un certain d61ai, 
ram61ioration 6tant illustr^e par xm exemple. 

On ^tudie le comportement d’un r6acteur command^ par un certain 
nombre de canaux redondants quand apparaissent des d6ficiences, et 
I’on compare quelques manidres diff^rentes de combiner les canaux 
respectifs dans une conunande complexe. 

On discute et Ton compare deux types d’appareils auto-pilot6s: les 
pilotes passifs et les pilotes actifs. Alors que les pilotes passifs sont effi- 
caces pour d^tecter les d6ficiences pendant que le processus 6volue de 
fagon dynamique, les pilotes actifs peuvent servir k la d6tection de 
d6ficiences par la cr^tion d61ib6r6e de perturbations alors que le 
processus se trouve dans un 6tat de regime stable prolong^. 
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On se r6f6re k des d6veloppements pratiques qui ont permis d’essayer 
tester les m^thodes d^rites dans cet article sur un r^acteur nucMaire 
simuU. Cette experimentation a utilise exclusivement les elements 
statiques pour le pilotage, la logique, la commande et la simulation. 

Zusammenfassung ' 

Fiir die Regelungseinrichtung eines Kemkraftwerkes ist ein hoher Grad 
der Betriebssicherheit notwendig, um die wirtschaftlichen EinbuBen 
bei Betriebsstillstand dutch Fehlwirkungen der Regeleinrichtung, die 
das Sicherheitssystem auslbsen, zu vermeiden. 

Die Art der auftretenden Stdrungsmdglichkeiten wird untersucht; 
der Vergleich der Zuveriassigkeit einkanaliger und mehrkanaliger 
Regjer macht die Notwendigkeit der Redundanz offensichtlich. 

Um den grdfiten Gewinn aus der Redundanz zu erhalten, ist eine 
selbsttatige tlberwachung notwendig, die Fehlwirkungen feststellt und 
den korrigierenden Bingriff ausldst, der die Abschaltung des gestdrten 
Kanales bewirkt. Es wird darttber hinaus gezeigt, daB sich eine weitere 
Verbesserung der Zuverlfissigkeit erreichen IfiBt, wenn man die Repara- 
tur des ausgefallenen Kanales innerhalb bestimmter Zeit vornimmt. 
Ein Beispiel zeigt diesen Zusammenhang. 

Die Arbeit untersucht, wie sich ein Kernreaktor beim Auftreten von 
Fehlern verhfilt, wenn er von einer Anzahl redundanter Kanaie ge- 
regelt wird, sie zieht Vergleiche zwischen verschiedenen Kombina- 
tionsmaglichkeiten der entsprechenden Kanaie in einem Regelungs- 
system., 

Zwei Arten von Geraten zur selbsttatigen Uberwachung, nfimlich 
passive und aktive Melder, werden besprochen und verglichen. Es 
zeigt sich, daB passive Melder geeignet sind, Fehler im dynamischen 
Zustand des Systems zu entdecken; befindet sich jedoch die Anlage 
l^gere Zeit im Beharrungszustand, so kbrnien auch aktive Melder, die 
die Anlage kunstlich stbren, notwendig sein. 

Der Aufsatz gibt einen Hinweis auf einige praktische Entwick- 
lungen, die es ermSglichten, die hier besprochenen Methoden auf einem 
Reaktorsimulator zu priifen. Die verwendeten Schaltungen zur Mel- 
dung, Steuerung, Nachbildung und fOr die Logik bestehen aus Fest- 
kdrperbauteilen. 


Introduction 

The use of redundancy for improving the reliability of electronic 
circuits is well established^-^ and has been applied to the 
improvement of the reliability of automatic control devices; 
for example, automatic pilots®^ ®. 

This paper is concerned with the results of a study of the 
application of redundancy techniques to the automatic control 
of nuclear reactors’* A specific form of reactor is assumed for 
the purpose of the study, in which the fission process and hence 
the power level is controlled by motor-driven, neutron-absorbing 
control rods. The techniques could well be applied to power 
plants associated with nuclear reactors, or indeed to other 
analogous systems. 
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In order to keep the study realistic, an experimental rig has 
been built on which the devices, which are required to be used 
in association with redundant controllers, could be fully 
developed. 

The Need for Redundancy 

Nuclear reactors require safety devices or ‘trips’ for the 
rapid shut-down of the chain reaction in circumstances which, 
if allowed to persist, would lead the reactor or plant into a 
dangerous condition. Failure of a reactor control system into 
a runaway state, for example, could result in a trip with the 
attendant economic penalties due to the loss of reactor running 
time. Indeed, Siddall® points out that such economic penalties 
can be greatly reduced by investing money, which would 
otherwise be lost in wasted reactor time, into more reliable 
control systems. 

As mentioned below, very substantial gains in system 
reliability can be derived from the use of redundancy. Sorensen®*^ 
points out that two forms of redundancy are possible: (a) com¬ 
ponent redundancy, and (b) circuit redundancy. Furthermore, 
he shows that although (a) yields a higher improvement in 
reliability than (b\ the latter is more amenable to systematic 
checking. Subsequent consideration of redundancy in this paper 
is confined to (b\ since an important feature of redundancy in 
this context is considered to be the ability to determine where and 
when a fault has occurred in the control system, enabling 
prompt diagnosis and repairs to be made. 

Before going on to consider the detailed ways in which 
redundant controllers can be combined to form a control 
complex, some consideration will be given to the way in which 
faults can occur. When considering the single-channel controller 
of Figure 7, faults can be classified as follows: (0 those which 
cause a total loss of output from the controller (subsequently 
referred to as *zero signal’ faults), and (ii) those which cause 
introduction of spurious output from the controller (sub¬ 
sequently referred to as ‘spurious signal’ faults). 

By using suitable design techniques it is possible to ensure 
that the large majority of faults are in the zero signal class rather 
than in the spurious signal class. However, it is not possible 
to ensure this completely, and the probability of spurious signal 
faults occurring is finite and must be recognized as such. 


It is relevant to point out that it is possible for both zero 
signal faults and spurious signal faults to result in plant shut¬ 
down due to the disturbance in power exceeding the level at 
which the safety devices are brought into operation; i.e., the 
point at which the reactor is tripped. 

Such possibilities can be stated as follows: (1) a zero signal 
fault occurs during a scheduled power increase. As the 
new datum is approached, the control system is tmable to 
restore the reactor to equilibrium thus allowing the reactor 
power to exceed the trip point, and (2) a spurious signal fault 
causes imscheduled control rod removal, thus causing a 
trip. 

Referring again to Figure 1 the case will be considered in 
which regulation is achieved by a single mj^or-driven fine 
control rod with a maximum reactivity rate of (6k) and in which 
shut-down, or partial shut-down, can be achieved by the insertion 
of a separate set of coa^ control rods which can be either 
(d) inserted at a rate > (6k) for a trip, and/or (b) inserted at a 
rate cn (6k) for a power set-back. 

If a spurious signal fault in the controller is postv^ted which 
results in the fine control rod being withdrawn at (6k\ then in 
condition (a) above a trip will occur as shown in Figure 2 when 
the power level exceeds the trip level. However, if arrangements 
are made for the simultaneous initiation of a power set-back as 
in (b) and breaking of the fine control rod motor-drive circuits, 
the power transient resulting from the postulated fault can be 
arrested and the power returned to datum by subsequent 
manual manipulation of the coarse control rods, as illustrated 
in Figure 2. In this way a total shut-down may be avoided in the 
event of controller malfunction. A severe power transient, 
resulting from other possible causes which cannot be arrested 
by this method, will, of course, result in a trip. 

However, a device such as that described above, while 
permitting control to be maintained in the event of failure of the 
automatic system, does not improve the basic reliability of the 
control devices. The need for redundancy as a means of improv¬ 
ing the reliability of the reactor control system as a whole 
therefore becomes apparent, and methods of arranging con¬ 
trollers into a complex which contains redundant channels are 
dealt with below. 



Figure h Single-channel plant controller 
If Yo(s) * Open loop gain of plant + controller 
P(s) - Yo( 8) / [l+Yo(s)] Pd(s) [«<^] 
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Having considered, in qualitative terms, the need for redun¬ 
dancy, attention is now given to a comparison between single and 
redundant channel controllers in quantitative terms. 



Figure 2 , Power trmsients following control system fault 

(A) Reactor trip following control rod runaway, single channel 

(B) Power set-back following same 

(Q Self-oorrecting effect of three-channel control system following 
runaway of one controller 

Reliability of a Single-channel Controller 

United Kingdom experience with nucleonic equipment^® 
shows that after an initial ageing period, faflure rates fall to a 
value which is virtually constant. In this paper, failure rates are 
assumed to be of this form. 

Writing^,, (0 = probability of the system being in a working 
state at time t, 

andp/(r) = probability of the system being in a failed state 
at time t, 

it can be shown that i£ i = failure rate of a single-channel 
controller, dien 


II 

( 1 ) 

Pfit)=l-p„(t) 

. ( 2 ) 


( 3 ) 


It may be noted thatp„ (t) is a measure of the reliability, JR, 
of the system, whereas p/(r) is a measure of its unreliability, U. 

RdiabOity of a Control Complex uhich Contains Redundant 
Ohannels 

If a system is considered in which the single control channel 
of ligure 1 is repeated n times in its entirety, to form a control 
complex with complete independence between channels, then it 
can be said that the probability, at time t, of the n ch^inn ei 
system being in a condition where r faults have occurred is 

. (4) 


It is appropriate to consider the probability of the system 
being in a state with r or less faults. This can be written 

(5) 

Thus the p-^obability of an n channel system being in a working 
state is (0* i.e., the probability of one or more channels 

being in a working state at time f. 

Zero signal faults and spurious signal faults are now con¬ 
sidered separately. For the sake of argument a three-channel 
system will be assumed. 

Zero Signal Faults 

From eqn (5) 

Po-.2(0-1-(AO" (6) 

V^=iXtf (7) 

From eqns(3) and (7) the improvement in reliability is 
therefore 

173-^-11^ 

For small values oiXt 

( 9 ) 

The quantity I has been referred to by LutskiF^ as the 
‘vitality index’ by which the ability of remote control apparatus 
is measured with reference to its operational capacity in the 
presence of faults. 

Spurious Signal Faults 

It is possible for this type of fault to drive the affected channel 
into saturation. Thus, in effect, a correctly functioning channel 
will be fully absorbed in counteracting the fault and the be¬ 
haviour of the control complex with regard to zero signal faults, 
arid further spurious signal faults of the same polarity will be 
that of a single-channel controller. Taking a pessimistic view, 
by ignoring the possibility of a further spurious signal fault of 
opposite polarity occurring, it is relevant to consider the value 
of Po-n(0- From eqn (5) 

Po-.i(0 = l-3(A0^-h5(At)^ 

The improvement in reliability relative to a single controller 
is therefore 


As an illustration, if A = 1 fault/year, then if the equipment 
were dlowed to run unchecked for a period of 3 months, for 
zero signal faults, I would equal 16:1, and for spurious signal 
faults, would equal 2-3:1 only. 


The Need for Self-Monitoring and Self-Adjustment 

From the preceding paragraphs two important points emerge: 
(0 for a given fault rate, the vitality index, /, is an indirect 
function of the time interval between equipment checks, and 
0*0 the vitality index for spurious signal faults is inferior to that 
for zero signal faults. 
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It is important, therefore, that due weight be given to the 
implications of these two points and attention paid to the 
following. 

First, a channel which develops a spurious signal fault must 
be rapidly removed from service. This can be achieved by con¬ 
tinuous examination of the state of the channels by self-monitor¬ 
ing devices which promptly disconnect the faulty channel. This 
will subsequently be referred to as ‘self-adjustment’. Thus, 
spurious signal faults are rapidly converted to zero signal faults, 
thereby increasing the vitality index as illustrated above. 

Secondly, prompt repairs must be effected. If the faulty 
channel is replaced by a correctly functioning channel within a 
specified time, the number of channels which can fail without pro¬ 
ducing a system failure is then increased from (« — 2 ) to (» — 1 ). 


whole. For a given number of redundant channels, a realistic 
assessment of the reliability of the monitoring system may be 
made by the institution of regular test routines after the methods 
advocated by Siddall®. If necessary, redundancy can be used in 
the monitors and associated logic, and in the self-adjustment 
circuits. 

Behaviour of Redundant Controllers 

The detailed form of the design of redundant controllers 
must clearly depend on the nature of the plant, the sensors, con¬ 
trol devices, etc. However, what may be regarded as a possible 
form of control for a reactor and _/“ or plant is given in Fig¬ 
ure 5, showing redundant control channels. 



Figure 3, Multi-channel plant controller 


It is therefore relevant to consider the probability of failure 
in time of an n channel system possessing self-monitoring and 
facilities for prompt self-adjustment, and in which repair of a 
faulty channel is effected in time t^. Under these circumstances 
it can be shown that 

Pj-(0=l-exp[-«A%4""^^] (10) 

As an illustration, if ^2 = 2 days and, as taken in the pre¬ 
vious example, n = 3, A = 1 fault/year, and 4 = 3 months, then 
the improvement in reliability relative to a single-channel con¬ 
troller, or vitality index, is 10 ^. 

It is of interest to compare vitality indices as a fimction of 
the number of redundant control channels, (n) with no monitor¬ 
ing devices, and (Jb) with monitoring devices, self-adjustment 
and a 2 day time limit on repairing the faulty channel. The com¬ 
parison is made in Figure 9. 

Clearly, t 2 must be chosen with regard to the other para¬ 
meters involved, the minimum time in which it may be possible 
to effect a repair, and the required vitality index. 

The above calculations tacitly assiune that the improve¬ 
ments in reliability have not been adversely affected by un¬ 
reliability in the self-monitoring devices. Th^ cannot be so in 
practice since the devices must have some associated failure rate. 

However, the importance of the reliability of the monitors 
must be related to the required vitality index of the system as a 


It has been made clear in the foregoing that an idealistic 
arrangement of redundant controllers is one in which complete 
independence is maintained between the respective channels, 
including sensors, amplifiers, actuators, power supplies, etc. 

There are, however, practical difficulties. First consider a 
fundamental requirement: that a failure of a channel shall cause 
only a minor disturbance to the plant. Since, as previously 
written, spurious signal faults can cause spurious increases in 
power this may result in the channel attempting to increase 
power at its saturation velocity. In a three-channel system such 
an action would result—by feedback action—^in the two nor¬ 
mally functioning channels each being driven at half its full 
capacity to oppose and neutralize the faulty behaviour. 

If, in the example shown in Figure 3, full velodyne speed 
corresponds to an error signal e, then the steady-state error will 
be g/(n— 1 ) or 5/2 in a three-channel system. 

Since it may be desirable to limit 5/(«— 1) to a disturbance 
of the order of 1 per cent, it becomes clear that small discrepan¬ 
cies between the sensors due to positioning in the plant, or even 
differences in sensitivity may result in one or more of the con¬ 
trollers being driven into saturation. The system would there¬ 
fore degenerate into an (« — 1 ) or (n — 2 ) system with a conse¬ 
quent loss in reliability. 

Furthermore, such errors, as pointed out by Lennox et 
lead to difficulties in monitoring by intercomparison methods. 
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The difficulty may be overcome by combining the sensor outputs 
to give an averaged signal. However, the use of a single summing 
amplifier would be undesirable due to the common output 
connection. 

An arrangement showing redundant averaging devices is 
shown in Figure 4. In this arrangement the sensor offsets are 
introduced into the control channels as symmetrical additions 
to the error signal to give 

fi'(0 = 8(0±-^ t Ar(t) (11) 

« rsQ 

and a consequent offset in the steady-state power, depmding on 
systan parameters. 



Ftgure 4. RedwuUmt averaging devices 


The respective control channel outputs may be fed either to 
separate control devices, e.g. neutron absorbing control rods, or 
may be mechanically combined by a gearbox of suitable <fwiign 
to be fed to a single control rod. 

While the former method enables a closer approach to the 
theoretical ideal, i.e. independence of data transmission, the 
latter method enables redundant control to be used in circum¬ 
stances where only one control device is possible. A further point 
to remember is that zero offsets in the control channels sub¬ 
sequent to the averaging circuits can give rise to increasing mis¬ 
alignments in the control rods. The behaviour of the rth control 
rod, as a function of some offset in the r channel represented by 
can be shown to be 

( 12 ) 

From eqn (12) it can be deduced that under steady-state 
conditions 

(13) 

Eqn (13) shows that the rth control rod is subjected to a 
continuous movement at a rate proportional to the offset. Since 
the control complex will behave in such a way as to 
criticality, the movement of the rth control rod will be counter** 
balanced by an opposing motion of the remaining (n — 1) rods. 
Clearly, unless some action,is taken, the rth rod will eventually 


reach its limit. Therefore either manual shimming or an auto¬ 
matic correcting system is required. 

In the laboratory developments discussed later in this paper 
it was decided to make use of the mechanically combined control 
complex. Two obvious choices were presented: (/) motors coupled 
by direct drive to a common gear wheel, and (ii) motors coupled 
through differentials. 

Although (0 offered a simpler mechanical design, intercom¬ 
parison between motor tachometers was fruitless, due to the 
mechanical linkage, therefore (ii) was chosen, and the layout is 
shown in schematic form in Figure 5. 

A detailed performance analysis of a redundant controller 
employing a combinational drive of the differential type yields 
some interesting points with regard to the system behaviour 
under fault condition. 

Some of the salient features are: 

(1) A spurious signal fault which results in channel 1 motor 
rotating at its maximum angular velodty^; channels 2« 

counter-rotate with a final velocity of 6 l(n- 1). The effect in a 
practical case is clearly shown in Figure 2, 

(2) If the gear reduction M is such that the reflected moment 
of inertias and viscous friction coefficients referred to the motor 
shafts can be neglected in comparison with those of the motors 
themselves, then the composite controller behaviour can be 
stated to be of the form 

The gain of the composite controller therefore falls in the 
ratio («— \)ln in the event of a single channel becoming un¬ 
serviceable, whereas the bandwidth is unaffected, as shown in 



Figures. Mechanical drive ernploying differerituds 


Figure 6. In cases where the loss of gain would become an 
embarrassment, a gain change in the normally functioning 
channels could be instituted as part of the self-adjustment 
action. 

(3) Under some circumstances, e.g. the motor windings in, 
for example, channel 1 becoming open circuited, motor 1 can be 
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back-driven by motor 2; thus what is apparently a zero signal 
fault becomes elBfectively a spurious signal fault, therefore reduc¬ 
ing the system gain by a factor (n— 2)In. This defect, however, 
may be overcome by the use of worm drives. 

Self-monitoriiig 

The need for self-monitoring and self-adjustment to increase 
reliability has been discussed and reference made to the desir¬ 
ability for repairing promptly a failed channel. 

The choice of the number of redundant channels in the con¬ 
trol complex must require the exercising of judgement as to 
whether or not the improvements in reliability, to be expected 
from theoretical considerations, are realizable in view of the 
practical difficulties in maintaining complete independence be¬ 
tween channels. However, the question of the choice of the 
number of chaimels cannot be discussed without reference to 
the problem of self-monitoring. 

Two methods are considered in this paper: (i) passive moni¬ 
tors, i.e. devices which simultaneously intercompare control 
signals at corresponding points between the channels, and 
0*0 active monitors, i.e. devices which inject disturbing impulses 
in regular sequence into the respective channels and compare 
output with input along each channel in turn. 

With regard to (0, a minimum of two channels is obviously 
required for the detection of a fault and a minimim of three 
channels for the identification of the faulty channel. With regard 
to 00> however, the number of redundant channels has no special 
significance other than the degree of complexity required for the 
monitoring system. 

In the laboratory developments, described below, a combi¬ 
nation of passive and active monitors has been used for reasons 
which are discussed. Three redundant channels were used, 
largely because of the possibilities offered for the identification 
of faulty channels by means of built-in logic devices. 

In addition to the possibilities for the identification of faulty 
channels, faults may be more specifically located under headings 
such as ‘fault in sensor’ or ‘fault in servo’ by the intercomparison 
of inputs to the redundant controllers on the one hand, and 


outputs from, say, the servo tachometers on the other. Not only 
does this assist in fault diagnosis and repair but permits the ap¬ 
propriate self-adjustment to be carried out. For example, the 
importance of the prompt removal of a failed sensor in an 
‘averaged signal’ system has already been stressed. 

Passive monitors, by definition, require the existence of 
signals within the control complex for their operation. These 
may appear in two ways: (a) in the event of a spurious signal 
fault, or {b) in the event of a zero signal fault when the plant is 
in a dynamic state. 

In (a) it follows that if the system were previously in a steady 
state, the fault would rapidly convert it to a dynamic state. It 
can be appreciated, then, that passive monitors can only operate 
if the system is in this state, and that zero signal faults may go 
undetected for long periods if the system is in a prolonged 
steady state. This is clearly undesirable, since under such con¬ 
ditions the controllers are virtually unmonitored and the ex¬ 
istence of a zero signal fault will only become apparent when 
the control system is required to perform some action. Thus, as 
indicated above, active monitors may be used in order to per¬ 
turb, periodically, the respective channels in the control com¬ 
plex, to determine whether the response is acceptable within 
limits which can be specified. 

An arrangement of both active and passive monitors is 
shown in Figure?. While the two respective sets of passive 
monitors C and D continuously examine and compare the 
respective voltage levels of the channels, the active monitors, 
examine only at discrete intervals by means of a repetitive 
sequence of pulses as shown in Figure 8/A particular velodyne 
undergoing active monitoring is automatically disconnected 
from its preceding amplifier on the occurrence of the pulse ap¬ 
propriate to that channel, the velodyne then receives the pulse 
as an input, and the active monitor compares pulse height with 
velodyne output. If the response is satisfactory, the velodyne is 
reconnected to the channel in its normal way. If the response is 
unsatisfactory, the channel is classed by the monitoring system 
as having failed and self-adjustment is carried out to the extent 
of breaking the motor drive circuits, thereby effectively removing 
the failed element from the control coihplex. In order to prevent 
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spurious self-adjustment by the output monitors jD, a temporary 
inhibiting action must be applied for the duration of each active 
monitoring pulse. 

Criteria for pulse height, duration and frequency will depend 
to a certain extent on the nature of the control mechanisms and 
plant characteristics. However, the following points are relevant: 

(1) Pulse height: a compromise must be found between the 
requirement, on the one hand, for adequate disturbance of the 
velodyne for the decision velodyne working ? or velodyne failed ? 
to be made, and on the other, the requirement for minirmiin 
disturbance to the plant. 

( 2 ) Pulse duration and space 4 : while a fundamental re¬ 
quirement for the minimum value of is that it should be large 
compared with the respective motor time constants, the maxi¬ 
mum value of tjts must not be allowed to be so large that the 
improvement in reliability is adversely affected. Qearly, from 
the nature of the sequence the maximum possible value of tjtg 
is 1/3, at which value the three-channel system has degenerated 
into a 2*25-channel system, with a corresponding loss in vitality 
index, as indicated in Figure 9. On the other hand, if is allowed 
to rise indefinitely, then under conditions where the plant is in a 
prolonged steady state, the redundant channels are virtually un¬ 
monitored. Thus an optimum value can be determined for tjtg 
for a given value of and 2. For example, if = 1 sec, a value 
of tg of between 10 and 100 sec would give a vitality index sub¬ 
stantially, as shown in curve B in Figure P. 

In the laboratory developments described below, active 
monitoring enabled zero signal faults to be detected satisfactorily 
with a pulse height equivalent to one-sixth of the maximum 
velodyne speed, giving a disturbance to the simulated power 
< ± 0*1 per cent. 




Figure 9. Variation of I with n 


The Experimental Equipment 

In order to test out the theories considered in the preceding 
part of this paper, and in order to develop circuitry and devices 
which would enable them to be put into practice, the console 
shown in Figures 10 and 11 was constructed, being designed to 
satisfy the following requirements: 

( 1 ) Facilities for housing and energizing the electronic equip¬ 
ment associated 'with control, monitoring, logic annunciation 
and self-adjustment. 

( 2 ) Flexible patching arrangements to enable the monitoring 
and logic circuits to be interconnected in various ways, and to 
allow faults to he introduced to the control complex. 

(3) A simple electronic analogue of a nuclear reactor to 
enable closed-loop tests to be carried out. 
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Figure 10, Laboratory console 


(4) An annunciator panel to give visual indication of faults 
deduced by the monitoring circuits. 

(5) Flexible gearing arrangements to enable different con¬ 
figurations of gear-drive to be tested. 


A flow diagram of the entire equipment is shown. Figure 13, 

It was decided to concentrate entirely on solid-state devices 
for all the monitoring, logic, control and simulator circuits, and 
the development was planned accordingly. 

Extensive use was made of plug-in printed cards, as in 
Figure 12, to enable the required amount of circuitry to be 
housed in a reasonable size. To conform with existing practice 
at Winfrith, the (simulated) sensor circuits use d.c. data trans¬ 
mission. However, the motors, tachometers and drive amplifiers 
use a.c. data transmission. 

The comparators can be regarded as analogue-digital con¬ 
verters since the comparison of respective channel levels results 
in the output being in binary form (i.e. working/failed). An im¬ 
portant design aspect was the provision of an accurately defined 
dead-band to avoid spurious fault indications due to small zero 
offsets at corresponding points in the control complex, not 
eliminated by the averaging devices. 

The logic devices following the comparators consist of 
simple AND, OR and NOT gates which operate on the binary 
signals, using well-known methods, for example those used by 
Sorensen^. Following the logic units, matching units are made 
available for supplying power to lamps for annunciating faults, 
or to relays for self-adjustment. 

The schematic diagram of Figure 14 shows one of the logical 
arrangements which is readily patched on the console. It may be 
noted that a ‘transient* and ‘lock-on’ indication is given; this is 
of^value when intermittent faults occur. A fault of a transient 
nature results in an indication on the transient indicator lamp 
for the duration of the fault. However, the appearance of the 
transient operates a bistable device which then actuates the 
lock-on fault warning lamps which will continue to indicate that 
a fault has occurred in a channel until reset. 

A lock-on type of action is also necessary for self-adjust¬ 
ment, since faults even of an intermittent character require the 
prompt removal of the faulty channel, as previously mentioned. 



Figure 11, Patch panel 














Bgure 13. Schematic of experimental equipment 



Self-adjustment 

Figure 14, Comparator-logic-amunciator schematic 
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Conclusions 

The studies show that a consideration of the way in which 
faults can occur leads to the conclusion that a control complex 
employing redundant channels can yield substantial improve¬ 
ments in reliability over a single-channel system. 

In order to maintain a high improvement factor, or vitality 
index, attention must be given to the following points. 

(1) Ideally, the redundant channels should be completely 
independent of each other. However, practical considerations 
in some systems may involve some inevitable cross-coupling, 
which should, however, be kept to a minimum. 

(2) Self-monitoring devices are essential in order to detect, 
annunciate and remove by self-adjustment any channel becoming 
faulty within the control complex. 

(3) In cases where there are unavoidable offsets in sensors, 
averaging of signals is essential. It is important, however, that in 
such cases a failed sensor be removed promptly by self-adjust¬ 
ment. 

(4) With built-in self-adjustment it is important that repairs 
be executed within a certain time. 

(5) Under prolonged steady states the control complex must 
be deliberately disturbed to ensure that the system has not 
failed, A method has been developed to do this with the mini¬ 
mum of disturbance to the plant. 

Analysis of the behaviour of a plant control complex using 
redundant channels whose mechanical outputs are combined 
in a gearbox employing differentials, shows a number of inter¬ 
esting features which make this type of drive attractive. 

Transistor circuits have been developed and used on an ex¬ 
perimental rig for the detection and location of faults in a con¬ 
trol complex employing electric motors whose outputs are com¬ 
bined in a differential gear drive to a simulated reactor. 

Further work is needed to show what real gains in reliability 
can be achieved on a ‘live’ plant using the techniques studied. 
This is regarded as the next phase of the work. 

The authors are grateful for the co-operation and assistance 
afforded by their colleagues at A,E.E, Winfrith, in particular 
F, G. Chapman and A, Hopkinson on some of the theoretical 
aspects^ and R- H. Boxalh J- M. Griffiths and J, Budd on the 
practical and experimental aspects. 

Nomenclature 

P Power level of plant 

jp^ Demanded power level 

P^ Demanded power level of rth channel 

dk Reactivity 

(dk) Reactivity rate 

5kc Reactivity exercised by control rod 

(Fa - -P) 

Yd Transfer function of error amplifier 
Kb Steady-state gain of error amplifier 
Ye Transfer function of servo controller 


Ko Steady-state gain of servo controller 

Kt Tachometer constant 

Yit Transfer function of reactor/plant 
Yq Yd YcYr^ Open loop transfer function 
n Number of redundant channels 

A r Zero offset in rth channel 
6 Angular rotation of motor 

^0 Angular rotation of final output shaft of gear drive mechanism 
T Time constant of servos 

V Input voltage to respective servo amplifiers 
tm Pulse width of active monitoring pulse 

tg Space between active monitoring pulses 

ti Time between maintenance periods 

4 Time taken to repair a faulty channel 
X Failure rate of a single channel 

Pto (t) Probability of system being in a working state at time t 
(Reliability of system) 

Pf (t) Probability of system being in a failed state at time / 
(Unreliability of system) 

Po^r (t) Probability of system being in a state with r faults or less 
X Maximum possible value of parameter x 
Ur Unreliability of an /* channel system 

I Improvement in reliability of a control complex relative to a 
single channel control system = vitality index 
M Gear reduction in motor drive 
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DISCUSSION 


Authors’ Opening Remarks 

Attention is drawn to work which has gone on subsequent to the date 
of submission of the paper. 

The first item is to give more specific definitions to control system 
faults than those given in the paper (see Table 1 which classifies the 
faults). 

Table L Fault Classification* 


State 

Controller transfer 
function Y 

Ojfset A 

Within 

tolerance 

Not within 
tolerance 

Within 

tolerance 

Not within 
tolerance 

(0 

1 

0 

0 

1 

(«) 

0 

1 

0 

1 

(.iii) 

0 

1 

1 

0 


♦ 1 = Yes; 0 = No 


State (0 will be referred to as ‘spurious signal’ fault. 

State O’O will be considered only in the special case where y (j) = 0 
and the spurious sign^ fault is introduced in such a way as to produce 
saturation in the faulty channel. This will be referred to as a ‘runaway’ 
fault. 

State (/if) will be referred to as a ‘parametric’ fault except for the 
special case where Y(s) = 0, which will be classed as a ‘zero signal* 
fault. 

An illustration of the absorption of a parametric fault by a redun¬ 
dant control system is given in Figure A. Other classes of faults are 
dealt with in this paper. 


The following further engineering developments have taken place 
at West Howe: 

(a) A proving rig has been designed and built as an exercise in the 
engineering of redundant controllers for plant control. 

(b) The rig has been designed with controllers, monitoring and 
logic devices of a form which could immediately be ujsed in a plant. 

(c) In order to allow greater flexibility and freedom to develop the 
systems from the experience gained, a simulated plant is being used. 
However, the rig is being run on an operational basis, with the object 
of ensuring that the correct procedures are evolved which are appro¬ 
priate to the objectives, which are: 

(/) To achieve a nearest practical approach to independent opera¬ 
tion. 

(//) To enable an appreciation to be gained of the reliability and 
efficiency of the monitoring devices. 

(ill) To evolve a set of rules which can be laid down for main¬ 
tenance and operational procedures which will allow the high security 
principle of continuity of operation to be achieved in a practical case. 

id) The experience gained in the design, commissioning, operation 
and maintenance of the rig will, it is hoped, lead to the achievement 
of objectives (i) and (iii). To achieve (ii) a ‘fault simulator’ has been 
constructed which enables a continuous programme of faults to be 
fed in. The design is such that the correctness of diagnosis of the 
monitors is automatically checked. Incorrect diagnosis results in the 
fault simulator sequence being brought to a halt with an accompany¬ 
ing warning. 

(e) The rig offers interesting possibilities for a redundant control 
system which possesses built-in facilities for continuously checking 
that not only is redundancy being maintained by the control complex, 
but that a sub-system failure will be promptly and accurately diag¬ 
nosed. Experience is required to show to what extent this is possible 
or even desirable for the achievement of significant reliability improve- 



—lOmln- 
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Figure A. Parametric fault absorption. . Yp Plant transfer function; Y„ Controller transfer function; 
Yg Stabilizer transfer function; P Power; Pp Demanded power 
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ments over a much simpler system where manual checking to pre¬ 
scribed rules is used. 

(/) The rig is somewhat over-monitored to enable adequate engi¬ 
neering experience to be gained. Some redundancy is employed within 
the monitoring themselves. 

W. Fiupczak, Institute of Nuclear Research^ Warsaw, Poland 

(1) What is the expected reliability of your system? 

(2) It seems to me that some troubles due to ‘zero signal faults’ and 
‘spurious faults’ (and allied problems of active checking systems) may 
be avoided if an ‘artificial zero signal’ or ‘shifted zero signal’ is intro¬ 
duced into the system. Disturbances about this level are monitored, 
and the trip devices act when the signal {Yj)n departs from this value 
by more than a prescribed amount. [(Yj) is the output signal of the 
yth variable of the irth channel.] 

(3) It seems it may be useful to consider a modified structure of 
the reliable system. Let us consider the system composed of n inde¬ 
pendent identical channels (Figure A) . Each channel is able to perform 
the control monitoring and trip actions. Due to the fact that monitor- 



Figure A, The structure of the MAXTREL system 
S Sensing (measurmg) device SM Servomechanism 
C Computing (processing) device MT Monitoring and trip device 


ing (trip) devices MT control the deviation of demanded level (which 
is not zero but ‘shifted zero’ signal)—^they control (Yj)n —^the system 
becomes self checking. The reliability of such a system is transferred 
(or has been reduced) to the reliability of the MT devices. This device 
could be a very simple element, e.g. ordinary relays. The high relia¬ 
bility) of the system has been obtained in this way. Due to the known 
reliability characteristics of relays this reliability may be determined 
easily and quite precisely. The reliabOity of one of those systems (built 
on the so-called MAXTREL principle^)—the control and safety system 
of a nuclear reactor—^has been estimated at 10^°. The ‘operational 
reliability’ is, of course, much smaller and depends on economic con¬ 
siderations. The second important feature (beside reliability) of this 
system is its (relative) simplicity. 

Reference 

^ Fiupczak, W. The MAXTREL control and safety system for nu¬ 
clear reactor. Pap. Inti Conf Reactor Phys, Eng., Prague (1963); 
Inst. Nuclear Res., Svierk (1963); Poland Report N4181X11 

L. A. J. Lawrence, in reply 

(1) The expected reliability of a redundant control system such as de¬ 
scribed in my paper is a quantity which can only be determined with 
reference to the mean-time-between-failures of the sub-systems, the 
time required to repair a failed sub-system and to reinstate it, and the 
number of redundant sub-systems employed. The reliability may then 
be computed to give either a figure of merit relative to a single-channel 
controller, or an absolute figure of reliability after the methods advo¬ 
cated by Johnson and Bral6L 

(2) The introduction of a ‘shifted zero’ datum is an interesting 
alternative to the active monitoiing scheme described in my paper. 
Short-circuits or open circuits in the control unit outputs would then 
be detected under the steady-state conditions and continuous monitor¬ 
ing maintained under all conditions of control system operation. How¬ 
ever, the shifted zero datum does not overcome the problem of failure 
detection if a mechanical fault occurs, such as a motor shaft seizing. 
Admittedly this is less likely than the occurrence of an electric zero- 
signal fault but it is a point in favour of the active monitoring method, 
which would detect such a failure. 

Reference 

^ Johnson and Bral^. Diagnosis of Equipment Failures, Pt, 1. 
Syracuse Univ. Res. Inst. Rep. No. EE 577-604 FI 
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REPORTS 


GY. BOROMISZA* 


Since the 1st I.F.A.C. Congress, which took place in Moscow 
in 1960, there certainly has been great progress, and many new 
ideas have come to realization in the development of compo¬ 
nents. The papers presented in this Session served to give reports 
of the most important areas of progress, and to call attention to 
the problems of reliability. 

In the control system the component is a link between theory 
^d application. The quality and reliability of the control action 
itself depends on those of the components, that is, on the hard¬ 
ware. 

What is our aim ? To improve the components we must study 
the following points: 

(^jf) The field of static and dynamic behaviour, increased accu¬ 
racy, reduction of tolerances, accurate determination of re¬ 
sponse time, non-linearity, etc. 

{b) Improved reliability, data on failure rate, probability distri¬ 
bution function, and so on. 

(c) The use of the control-system-philosophy in design of com¬ 
ponents, affecting the static and dynamic characteristics as 
weD as the reliability. 

id) In new designs the continuation of microminiaturization to 
reduce the consumption of power and to solve the modular 
design block problem. 

ie) The overall reliability of the component when looking for 
new solutions of construction. 

if) The wider use of semi-conductor elements and the elimina¬ 
tion of moving parts. 

Coming now to the sessions, electromechanical devices and 
magnetic amplifiers were covered in Session 51. Messrs. Vasil- 
iev, Prokofiev and Wainberger presented a paper about step 
motors with active rotors, emphasizing stable working conditions 
and reduced unit angle. 

Stabilization criteria of a current operated autodyne—a new 
type of rotating amplifier—^were discussed in the paper by 
Professor Benedikt (Hungary), and practical results were ex¬ 
plained. There were two discussion speakers. 

Professor West presented, in addition to his paper on con¬ 
trolling a linear magnetic oscillator, a film showing the function¬ 
ing of this machine. Practical experimental results and para¬ 
meters were discussed; 

Mr. Maslaroff presented a paper about an on-off controller 
for temperature control with frequency-pulse time modulation. 

♦ Chairman of the I.F.A.C. Technical Committee on Components. 


Summing up the area of electromechanical and magnetic 
components, there is a remarkable trend on improving the static 
characteristics and dynamic behaviour as well as of using new 
principles. 

There is no need to emphasize how much the existence or 
non-e>dstence of control systems depends on reliability and how 
much it is based on the components building up a system. 

Redundancy in circuits and in components is one form of 
improving reliability, but no less importance should be attached 
to increased component reliability, even if it is connected with 
microminiaturization. 

The basis of theoretical calculations is the knowledge and 
the determination of components failure rate. The reliable results 
of measurements carried out under long identical conditions are 
the starting point of all practical conclusions. One aim of further 
investigations should be to obtain results for high safety, to 
suggest an applicable reliability prediction technique. Mathe¬ 
matical-statistical methods have been developed, with many 
suggestions made as to their application. Several millions of 
evaluated measuring results are available, their systematization 
and adequate conclusions are of vital interest to the automatic 
control people. 

In Session 53, Mr. Dummer gives data and methods—based 
on long observations, some of them lasting for nearly 20 years— 
for component reliability evaluation by automatic testing to ob¬ 
tain statistical data for a wide range of loading and environment¬ 
al conditions; he reports results on improvements in the quality 
of microelectronic components. 

The electromechanical element reliability problem is dis¬ 
cussed by Messrs. Sotskov, Dekabrun and Knivorotova and 
theoretical views are given on the reliability of relay coil contacts, 
t^ing into consideration their structural parameters and en¬ 
vironment. These reflections can be extended to other electro¬ 
mechanical units too and should encourage further investigations. 

The paper by K.D.Garnjost and W.J. Thayer discusses 
system reliability with the application of redundancy principle, 
used for electrohydraulic control. A comparison is given be¬ 
tween redundant servo-valves in detection correction systems 
and in majority voting systems. As a result, redundancy is in the 
mechanical parts rather than in the electrical area, and mechmi- 
ical feedback is to be preferred. The majority voting system and 
the mechanical feedback with its inherent simplicity is a suggest¬ 
ed solution. Experimental test results were reported, emphasizing 
dynamic behaviour. ' 

In the nuclear reactors control, a very substantial gain in 
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reliability is achieved by using the redundancy principles, pro¬ 
vided that redundancy channels are independent or supplied 
with the inevitable minimum error couplings. 

Mr. Lawrence’s paper and a film demonstrated the system 
in action, working with a fault simulator. 

With regard to electronic devices, some new developments 
were reported. Unfortunately, the paper ‘New control circuits 
using four-layer p-n-p^n semiconductor triodes’ by J. §. 
HaSkovec and A. KHmek, could not be presented, the authors 
being absent. 


Dr. Storm in liis paper ‘Turn-off Silicon Controlled Rectifiers’ 
reported on miniature semi-conductor devices which allow the 
interruption of d.c. currents ranging up to 5 A and 600 V block¬ 
ing voltage. 

Dr. Kaufman gave a survey of the state of development of 
ceramic memories in extreme environments, making use of the 
piezoelectric and eleclrostrictive characteristics of the material. 
The memory cells are miniaturized. 

Professor Oshiraa gives his report on the other three sessions 
on control system components. 


Y. OSHIMA* 


I would like to make the following remarks about Sessions 52, 
56 and 57. The first session deals with mechanical, hydraulic and 
pneumatic devices which are in competition with electric and 
electronic devices. As is already known, electric motors were 
common actuators in automatic control systems 10 years ago. 
However, in compliance with the requirements for high peiform- 
ance servomechanisms, the use of hydraulic servo-motors is now 
increasing more and more. On the other hand, electric motors are 
also being improved, and printed motors and low inertia motors 
are appearing. As for logic elements, here the situation is the 
same, yet, until a few years ago, electronics had exclusive posses¬ 
sion in this field. Nowadays, however, we have hydraulic and 
pneumatic logical circuits. 

In Session 52, Dr. Newton (U.S. A.) read a paper on a rotary- 
drive vibratory-output gyroscopic instrument. Unlike the con¬ 
ventional gyroscopic instrument, this new one gives vibratory 
output in accordance with rate input and the output is picked 
up by resonance method, 

Mr. Khokhlov (U.S.S.R.) presented a paper on dynamic 
problems of hydraulic servomotor with inertia load, but as he 
could not be present, Mr. Portnov-Sokolov read the paper. 

Frequency characteristics of a hydraulic servomotor with 
inertia load were obtained, taking into account the non-linear 
equation of fluid flow and the compressibility of fluid. 

, Professor Aizerman presented a paper concerning pneumatic 
automation prepared by A. A. Tal (U.S.S.R.) who was absent. 
The paper describes how to make sequential machines by means 
of basic three-membraned pneumatic relays. The pneumatic 
logical circuits are very interesting research subjects. 

Session 56 concerns digital devices. As we know, these de¬ 
vices are becoming more and more important in accordance 
with the progress of computer control and also with increasing 
request for high accuracy control. 

♦ Vice-Chairman of the I.F.A.C. Technical Committee on Com¬ 
ponents. 


The paper ‘Application of Digital Differential Analysers in 
Control Loops’ wWch a deals with digital PID controller as an 
example of DDA applications, was read by the author, H. Rech- 
berger (Austria). 

Dr. Fritzsche (Germany) read his paper ‘Advantages and 
Limitations of Digital Speed Controlling Devices’ and gave news 
of the further development of his research applying this digital 
control system to fluid flow ratio control. Some discussions oc¬ 
curred regarding the dynamic response of digital control system 
and the influence of gearing upon the digital speed control 
system. 

T. Aleksandridi, S. N. Diligensky andH. K. Krug (U.S.S.R.) 
presented a paper on digital controllers. Unfortunately, none of 
the authors were present, so Mr. Domanitsky read &e paper. 
The paper describes very clearly how to build digital PI control¬ 
lers. Some discussions took place comparing digital and analogue 
controllers. 

In Session 57 on various components, J. Kr>^?e read the paper 
on the universal statistical analyser which is a special purpose 
analogue computer for automatic calculation of correlation 
functions. Much discussion followed concerning distortion by 
sampling, influence of fluctuation of mean value of recorded 
data and so on. We had also some comments concerning other 
principles of correlation. 

Dr. Douce (U.K.) read a paper entitled ‘The Behaviour of 
Adaptive Controllers’, which describes the construction of a self- 
adaptive optimizing controller with square wave perturbation 
and sample-and-hold system and the analysis of behaviour of 
the optimizing system. 

Mr. Uskov and Mr. Orlov (U.S.S.R.), presented a paper 
about a multi-channel correlator. This paper deals with the con¬ 
struction of a newly-developed correlator. The authors, unfortu¬ 
nately, were absent and therefore it was not possible for any 
discussion. In conclusion, I express my sincere thanks to chair¬ 
men, scientific secretaries, authors, discussors and the audience 
of these sessions. 




